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Abstract 

The  prinuiy  inloit  of  dds  research  was  to  determine  the  influence  of  three  common 
degradation  mechanisms,  dark  area  defects,  facet  degradation,  and  contact  d^radation,  on 
the  operational  lifietinie  of  GaAs  e^e-emitting  semiconductor  lasers  driven  by  continuous 
currmt  at  100^.  Inherent  to  this  work  was  flie  quantified  characterization  of  the  lasers 
during  dicir  operation.  This  characterization  arose  as  fire  power  output  as  a  function  of 
driving  current  at  room  temperature  before  and  after  laser  e}q[>osure  to  100^  ambient 
tenqierature.  These  power  vs.  current  characterizations  were  conducted  at  room 
temperature  on  each  laser  before  and  after  e}q)osure  to  100^  as  well  as  at  the  beginning 
and  end  of  each  laser's  exposure  to  100^.  An  additional  means  of  examining  laser 
d^radation  came  from  measuring  die  current  required  over  time  to  maintain  a  constant 
powa-  outputs  of  S,7,  or  lOmW  at  die  elevated  temperature. 

The  research  demonstrated  that  facet  degradation  and  contact  degradadmi  were 
minor  contributors  to  die  bulk  of  die  data  base's  degradation.  Dark  area  defects  woe  thus 
the  primaiy  d^radatkm  mechanism  as  die  data’s  gradual^  increasing  current  necessary  to 
maintatn  constant  ou^nit  will  attest  An  HF  acid  rinse  on  one  laser,  reacting  i^grcssivefy  to 
local  crystal  defects,  highlighted  the  growdi  of  dark  area  defects  toward  the  lasing  cavity 
due  to  continued  lasing.  One  trend  in  die  data  was  left  unc?q>lained.  As  a  vdude,  the  lasers 
peifmmed  widi  higher  slope  efBciencies  at  elevated  tenqierature,  contrary  to  previously 
documented  research.  This  tojne  deserves  future  research. 
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FAILURE  MECHANISMS  OF  HIGH  TEMPERATURE  SEMICONDUCTOR  LASERS 


L  Background  and  Description  of  Analysis  Conducted 


This  diesis  describes  and  attempts  to  model  the  influence  of  elevated  temperature 
on  the  operation  of  a  semiconductor  (SC)  laser  design  provided  by  die  ELR  division  of 
Wright  Laboratoiy  of  Wright  Patterson  Air  Force  Base.  The  discussion  b^ins  widi  die 
background  oudining  the  need  for  this  research.  The  sections  fottowing,  in  order  of 
discussion,  include  a  detailed  problem  statement,  definitions  of  aspects  intrinsic  to  the 
research,  a  summary  of  related  research,  and  a  list  of  research  goals. 

1.1.  Background 

As  the  semiconductor  laser  becomes  a  standard  tool  for  communications  technology,  the 
dcnuuid  for  applying  it  in  a  broader  range  of  operation  environments  grows.  Their  tiny 
size  makes  them  highly  compatible  with  the  ever  shrinking  electronic  world.  Also,  with 
dieir  inherent  efSciency  and  suiqile  structure  diey  wiO  be  fairly  eary  to  incorporate  into  die 
business  of  communications  and  control  applications. 

The  Air  Force  has  a  few  of  its  own  proposed  uses  for  SC  lasers.  One  such  project 
is  a  laser-based  srdutkni  for  die  growing  complexity  of  the  PAVE  PACE  Interboard 
Communications.  Hus  unit  controls  an  aircraft's  electrical  nervous  system.  Presendy  the 
communications  demand  twenty  two  diousand  metal  interconnects  between  die  unit  and  an 
aircraft's  electrical  system.  The  22,000  connectors  could  be  replaced  with  fewer  optical 
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connections  as  has  been  proposed  by  the  unit  in  Fig.  1.  All  optical  inlwfiidng  hardware  is 
present^  available  except  for  a  laser  transmitter. 


FRONT 


Fig.  1  (WliELRD):  PAVE  PACE  Photonic  Backplane 


Anodier  project  involves  Auto-Target  Rect^nition  and  the  deaice  to  identify  and 

classify  a  Target  in  Real  Isne,  this  dexnai^  a  &stBr  data  procesaing  abSQr  winch  coold  be 
handled  by  lasers.  A  final  proposed  use  is  a  pilot  hehnetHnoonted  laser  prcgector  to 
hig^il^ht  the  impQilant  data  where  the  pilot  can  ahrays  find  h. 

The  problem,  and  reastm  for  this  thesis,  ariaesfiom  the  fint  that  present 
r.r»mm«-rp.ial  iigniiftnnAirlnr !«»»«  Hn  wrtT  nperale  tn  the  high  tempCrSttirB  CavitOimienlS. 
100-200^’C,  fixmdinairenfi.  One  sohnum  demands  acthwcoofing  of  commercisllsseri 
to  bring  the  arnbient  tenaperatore  down  to  typical  operatmg  contfilians.  Unsisaheavy, 
cumbersome  aninfiftn  that  the  advantage  of  the  later's  iqb  and  genenlBi  more 

heat  The  design  of  lasers  aUe  to  operate  in  toe  high  tonpenlnres  provides  an  aienialB 
solution.  Design  of  such  lasers  bqins  with  toe  characterization  of  how  lasers  (^petite  in 
hi^  tempcratuies. 
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L2.  Problem 


The  prinuay  goal  of  this  research  will  be  to  provide  and  ej^lain  a  modeled 
descr^on  of  the  influence  of  a  100^  andnent  temperature  on  die  continuous  operation 
of  die  laser  design  provided  by  Wii^t  Laboratories.  This  research  will  analyze  the  lasers 
under  continuous  wave  operation  and  focus  on  operational  tenqieratures  between  100- 
200<Hi; .  Other  products  of  dtis  research  include  the  change  of  the  spectral  distnbution 
with  temperature  and  aging,  a  statistical  evaluation  of  the  opoational  lifetime  as  a  flmction 
of  power  at  lOO^C,  and  a  proposed  descr^tion  of  die  mechanisms  dictating  the 
breakdown.  The  detailed  description  of  the  breakdown  mechanisms  shall  direct  future 
improvements  of  die  design  under  analysis. 

13.  Definitions 

Two  piimaiy  concepts  need  clarification  for  this  research,  the  failure  criteria  and 
accelerated  life  testing  Beginning  with  die  failure  criteria,  Fukuda  describes  the  most 
common  standard  for  laser  failure  as  being  i^ien  die  device  requires  l.S  times  the  initial 
current,  /  =  l.S*  /„,  to  nunntain  a  constant  power  output  (1:88).  This  definition  requires 
operati<m  of  die  laser  at  a  constant  power  output  Maintaining  constant  ouqnit  requires  a 
feedback  network  hnkiiig  the  power  ouq>ut  and  the  driving  current  Continual  data 
sanqiling  monitors  die  current's  change  with  time.  This  criterion  can  be  rqiproximated  by 
poiodically  inspecting  operation  and  manually  adjusting  die  current  to  maintain  die  power. 
This  will  serve  as  die  ffuhire  criterion  for  this  research. 

A  second  faihire  criterion,  diough  predominandy  used  for  emitting  diodes, 
LED's  (1.87),  is  a  1  decibel  decease  in  optical  power  fitnn  the  initial,  or  some 
predetermined,  level  while  driving  die  device  at  a  constant  current  This  criterion  requires 
dut  die  devices  operate  continually  at  die  established  current  Aldiou^  possiUe,  dus  is  not 
a  standard  evaluation  of  lasers  and  dius  not  used  in  dus  research. 
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As  a  modification  to  die  above  criteria,  periodic  power  measurements  as  a  fimction 
of  current  could  be  taken  to  obtain  the  change  in  the  external  quantum  efficiency.  From 
the  change  in  external  quantum  efficiency  the  current  required  to  maintain  a  fixed 
reference  power  could  be  interpolated.  This  criterion  represents  a  compromise  of  the  two 
above  recognized  standards.  The  result  would  be  die  mean  time  to  failure,  MTTF,  for  a 
constant  drive  current  and  still  employing  the  fixed  power  output  to  determine  ^en  a 
failure  current  level  is  attained.  The  drawback  to  this  scheme  is  diat  it  would  not  conform 
to  any  exercised  standard  found  in  technical  literature. 

Moving  on  fi-om  the  failure  criteria,  the  concept  of  accelerated  life  testing  needs 
clarification.  As  the  typical  laser  operates  for  approximate^  10,000  hours  before  failing, 
accelerated  life  testing  presents  the  onfy  practical  means  for  extrapolating  die  MTTF. 

Under  hig^  stress  environments  difiering  in  only  a  single  variable,  device  life  can  be 
estimated  by  monitoring  the  time  to  failure.  From  several  devices  under  identical  h^  stress 
environments  a  cumulative  failure  distribution  can  be  obtained.  Fukuda  provides  three 
empirical  relations  for  the  lifetime  of  a  laser  (1: 106): 


life  =  Aj.  exp(£',  !  kT) 

(1.1) 

life  =  ApP-” 

(1.2) 

life  =  AjJ-” 

(1.3) 

where  in  die  respective  equations  the  variables  are  the  temperature,  T,  (an  Antienius 
relation  for  T),  the  current  density,  J,  and  the  light  output  power  density,  P.  The  exponent, 
n,  is  a  distinct  positive  number  for  equations  2  and  3.  Eliseev  cites  the  activation  energy, 
for  GaALAs/GaAs  laser  diodes  to  be  typicalty  between  0.7-0.9  eV,  and  for 
InGaAsP/InP  radiating  heterostructures  to  be  0.61  eV  (2:33).  The  aiguments,  A.p,  Ap,  Aj, 
are  constants  reflecting  the  fixed  variables  influencing  operating  conditions.  The  first  two 
relations  employ  the  current  required  to  maintain  constant  output  power  as  a  measure.  The 
third  relation  employs  the  1  dB  ouqnit  drop  for  a  constant  current  as  the  failure  criterion. 
Fukuda  goes  on  to  reason  diat  due  to  the  small  maigin  of  permitted  operation  parameters, 
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sufficient  acceleration  can  not  always  be  j^bed.  In  tfds  case,  a  linear  extrs^lation  can  be 
employed  to  determine  the  MTTF  as  shown  in  Fig.  2. 


Fig.  2  (1: 107):  Estimation  of  time  to  failure  by  linear  extrapolation 


An  intennediate  goal  of  tfns  research  would  be  to  determine  the  lifetime  as  a 
function  of  power  and  teitq)erature.  From  die  above  development  the  function  would 
assume  a  form  of: 

tife  =  AP-”  exp{E,  /  kT)  (1.4) 

As  this  goal  would  demand  the  analysis  of  over  100  laser  packages,  the  immediate  goal 
discussed  in  this  tfaeds  is  to  ana^  die  lifetime  at  lOO^’C.  Thus  the  function  to  be 
modded  will  be: 

(1.2) 


SumnHUygf  Cunent  Knowledge 

The  next  section  hi^lights  diose  aspects  of  die  Uterature  review  most  invrdved  with 
the  research  plaiL  This  general  summary  outlines  the  influence  of  crystal  defects,  optical 
powor  output,  and  the  different  periods  attributed  to  the  fidhite  rates  of  semiconductor 
devices. 
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1.4.1.  Crystal  Defects.  As  this  research  focuses  on  the  breakdown  of  lasers,  much 
of  die  background  stu^  involves  describing  die  mechanisms  causing  laser  fahire.  The 
first  study,  conducted  by  Kobayashi  et  al.,  demonstrated  that  local  tenqierature  rise,  current 
crowding,  and  a  lower  breakdown  voltage  were  present  near  dark  line  defects  when  these 
values  were  compared  to  diose  of  a  sound  region  of  a  device  (9:508).  For  clarification, 
dark  line  defects  are  local  intemq;)tions  of  the  crystal  structure  ^ch  enhance  non-radiadve 
recombination.  One  observation  made  from  this  study  was  diat  die  current  density  at  a 
dark  line  defect  will  typically  be  twice  that  of  an  undegraded  regioiL  This  will  hold  until 
the  fatal  degradation,  when  a  defect  shorts  die  active  regioiL 

Another  report  by  Fukuda  et  al.  modeled  the  evolution  of  the  dark  spot  defects, 
DSDs,  in  laser  operation  (4: 1246).  Assuming  that  defect  generation  would  depend  on 
current  and  junction  temperature,  device  aging  was  carried  out  at  forward  current  densities 

of  5,  10,  and  15  kA/cm^  and  junction  temperatures  of  about  30,  130,  250°C.  The 
generation  time  of  the  first  DSD,  ,  strongly  depended  on  current  density  and  mildly  on 

temperature.  The  dependence  on  current  density  for  a  fixed  temperature  can  be  expressed 
approximately  by  tiie  following  relation: 

ocexp(-A/^),  (1.5) 

where  y  is  the  injected  current  density  and  Aka  constant.  Fig.  3  graphs  the  generation 
time  for  the  first  DSD  as  a  function  of  temperature.  For  tiie  range  of  variables,  tfie 
generation  time  of  DSD's  is  linked  strongly  to  current  density,  mildly  to  temperature. 

The  growtii  of  dark  line  defects,  DLDs,  is  strongly  linked  to  current  density  as  well. 
Fukuda  et  al.  researched  this  topic  by  first  baking  8  samples  at  250^  fm*  200-300  hours 
without  operation  (5:L87).  The  pulse  ttueshold  current  never  changed  and  no  dark  defects 
were  observed.  Then  they  operated  2  samples  at  10  kA/cm^  and  120-130^  and  tiie  lasers 
degraded  at  the  same  rate  as  sanities  run  at  10  kA/cm^  and  250^.  Finally,  5  samples 
were  operated  at  5  kA/cm^  and  120-130^,  and  only  a  few  DSDs  were  observed 
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Fig.  3  (4: 1249):  Generation  Time  of  first  DSD  as  a  fimction  of  temperature  under 
10kA/cm2  current  density  for  Zn-diffiised  planar  stripe  lasers  lairing  at  1.29)im  and 
l.SSfim.  Cross  point  (X)  is  the  median  generation  time  for  data  at  each  operating 
condition.  £a  is  die  activation  eiieigy  for  the  Arrhenius  lifetime  equation. 

after  1000  hours.  The  pnbe  threshold  current  for  these  samples  hardtydianged.  These 
resutb  strangty  indicatB  that  die  growdi  of  dark  defects  depends  strongly  on  operating 
cnnent  density  and  only  weakty  on  die  junctMotanpenture.  This  candnaon  remfoicee 
the  exponential  dqiendence  of  lifetime  on  current  density. 

T-4.2.  Power  Degtadation.  The  next  aspect  mfluencmg  the  degradation  of  the  laser 

invtrfvei  the  wear  catoed  hy  output  power.  To  investigate  the  degradation  behavior  of  the 
lasers  at  diffeiait  optical  power  levds,  GfeOer  and  Wdib  operated  twenty  laaeis,  10  in  a 
sequence  of  10/30/50  mW  optical  power  at  50^0  beat-mk  temperature  (6: They 
compared  these  lasen  to  another  10  operated  in  a  reverse,  30/30/10  mW,  power  sequence. 

M  the  fixward  sequence,  each  laser  was  dtiven  until  1 13%  of  die  initial  current  was 
neceasaty  for  each  power  level  At  this  point  the  outyut  was  increased  to  the  next  levd. 
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The  been  produced  qiproximately  linear  degradation  curves  with  time  and  the 
coireqxmding  d^radation  rates  increased  exponentially  with  optical  power.  The  lasers 
operating  at  30mW  demonstrated  a  3S%  lower  degradation  rate  than  lasers  that  were 
operated  solely  at  30mW  in  isothermal  tests  at  SO^C  .  Also,  catastrophic  failures  occurred 
among  only  20%  of  die  devices,  all  during  the  50mW  phase,  significandy  lower  than  die 
80%  of  the  isothermal  tests.  The  lasers  intended  to  operate  in  the  reverse  sequence 
demonstrated  drastically  different  behavior.  AH  devices  faded  catastrophically  with  a  mean 
time  to  failure  of  1  hour  during  the  first  SOmW  phase.  These  results  inq>l^  that  laser 
lifetime  may  be  enhanced  by  tqiptying  low  power  pre-aging  to  the  devices.  This  important 
conclusion  prompted  the  pre-aging  of  the  data  base  used  for  this  thesis. 

1.4.3.  The  Three  Phases  of  Failure.  The  mechanisms  predicted  to  cause  failure  in 
the  devices  under  study  arise  during  the  device's  failure  period  attributed  to  normal 
"wearing  out".  As  for  all  semiconductor  devices,  two  odier  general  mechanisms  may 
dictate  an  early  break  down  of  the  device.  Failure  during  an  early  period  may  occur  in 
devices  that  have  large  structural  faults  diat  arose  during  fabrication.  Devices  failing  in  this 
period  effectively  never  satisfied  design  parameters.  A  second  failure  period,  described  as 
the  random  failure  period,  accounts  for  die  random  failure  inherent  to  aiQ^  large  set  of  data 
and  the  distribution  functions  inherent  to  several  measurements.  The  final  failure  period  is 
attributed  to  the  device  wearing  out.  Fukuda  links  these  three  failure  periods  togedier  and 
describes  diem  as  die  bathtub  curve,  as  displayed  in  the  figure  below  (Fig.  4).  The  study 
win  focus  on  diose  devices  that  "wear-out"  and  hence  measures  win  be  taken  to  filter  out 
the  devices  that  break  down  in  the  early  failure  period.  As  the  second  period  is  random,  no 
means  can  be  taken  to  fiber  out  devices  failing  in  this  fashion. 
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Fig.  4  (1:87):  Failure  rate  and  ffdhire  period  (bathtub  curve) 


LS.  Research  Goals 

The  prmuoy  goal  of  thia  reaearch  ia  to  detomine  die  influence  of  die  duee  primaiy 
mechajmna  of  degFada&m  inherent  to  laser  reHabOity,  daiic  area  defects,  facet  degndatioa, 
and  contact  degradatioa  Thia  detenniiiation  of  influence  includes  demonstrating  wfabh 
medianianu  exist  and  t^nch  dominale  d^ntdatkxL  Thia  goal  requires  two  more 
immediate  ^Mds  to  quantify  this  influence.  The  first  is  the  characterization  of  the  design's 
power  output  as  a  function  of  current  at  room  temperature  and  lOO^C.  The  second  is  the 
lifetime  of  die  design  as  a  function  of  power  at  100^.  Elaboration  of  these  goals  will  be 
ixesented  tfarou^out  die  document 


L6.  Chapter  Summary 

Hus  chapter  outlined  the  need  to  model  die  influence  of  elevated  temperature 
operatmg  coriditions  on  the  operation  of  edge  emittitig  soniconductor  lasers.  As  future 
aircraft  drcuitiy  continues  to  donand  more  ngnal  inocessing  at  fester  operating  rates,  the 
need  for  laser  signal  transmission  mcreasw.  Aircraft  electronics  operatmg  conditions 
typically  run  between  100-200<’C,  dns  demands  diat  die  lasers  must  be  able  to  operate 
under  such  condbkms.  As  today's  lasoi  can  not  operate  in  dns  enviroiimeni,  efforts  must 
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be  conducted  to  design  lasers  that  can.  Of  limdamental  interest  to  the  design  of  lasers 
operating  at  elevated  temperatures  is  an  understanding  of  ^^diat  diese  temperatures  do  to 
lasers. 

The  primary  interest  of  a  device's  operation  is  the  definition  of  device  failure.  The 
standard  considers  the  laser  as  failed  if  die  current  required  to  drive  the  laser  at  a  specified 
power  level  increases  firom  the  initial  current  by  50%.  Having  set  the  standards  of 
acceptable  performance,  we  are  concerned  with  die  physical  mechanisms  causing  failure 
and  dieir  models.  This  concern  is  the  central  focus  of  dus  thesis. 

The  next  section  of  this  chapter  highlighted  topics  fi'om  recent  research  influencing 
high  temperature  operation  of  lasers.  The  primary  cause  of  d^adation  typically  arises 
from  dark  area  defects,  or  imperfections  in  the  crystal  structure  of  the  device.  It  is  also 
found  diat  lasers  often  last  longer  when  they  are  pre-aged  at  low  output  power  for  the  first 
few  hours  of  operation.  The  final  highlight  noted  that  three  failure  periods,  inherent  to  any 
solid  state  device  operation,  outline  the  operation  of  the  lasers.  The  interest  of  this  research 
focuses  on  die  third  failure  period,  involving  mechanisms  that  wear  out  the  device. 
Therefore,  the  lasers  were  screened  to  eliminate  those  that  would  fail  in  the  first  period. 
These  topics  receive  more  attention  in  chapter  2,  die  literature  review. 

The  final  section  outlined  the  diree  goals  of  this  research.  These  goals  are  listed 

below: 

1 .  (Primary  goal)  To  determine  r^ch  of  three  mechanisms,  dark  area  defects, 

facet  degradation,  or  contact  degradation,  influence  and  dominate  the  operational 

d^adation  of  the  laser  desigrt 

2.  To  diaracterize  the  deagn  at  room  temperature  and  100^. 

3.  To  determine  die  tifetime  of  die  design  as  a  fimction  of  power  at  100^. 
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n.  Literature  Review 


This  cluq)ter  presents  a  detailed  review  of  published  research  relating  to  die 
d^radadon  of  edge  onitting  semiconductor  lasers.  The  last  ch^ter  touched  on  hightifi^ts 
of  dits  research  but  dus  cluster  provides  some  depth  to  these  highlights-  Three  general 
mechanisnis  arose  as  the  focal  points  for  research,  dark  defects,  facet  d^radalion,  and 
(dunk  contact  degradation.  This  review  breaks  into  diese  three  general  areas  and  each 
presents  its  own  introduction  and  summary.  The  first  section  provides  an  additional 
background  outlining  laser  models  as  diey  pertain  to  die  crystal  degradation  in  dark  defects. 
A  final  summary  codects  die  observations  of  dus  review. 

n.l.  Dark  Defect  Degradation 

n.1.1.  Introduction.  Alrmg  with  die  advent  of  AlGaAs/GaAs  lasers  came  the 
proUem  of  how  to  prevent  the  laser  from  destroying  itself  in  normal  operation.  The 
intensity  of  power  inherent  to  semiconductor  lasers  generated  hi^  temperatures  and 
mechanisms  diat  could  melt  or  shatter  the  semiconductor.  If  eventual  decay  could  not  be 
prevented  dian  at  least  it  could  be  mininiized  to  extend  die  laser's  r^ierational  tifetime. 

Thus  the  need  to  e^qilain  and  model  die  degradation  of  die  laser's  operation  arose.  Three 
geno^  categtnies  of  d^radation  exist  winch  are  based  on  die  rate  at  which  die  device's 
characteristics  change.  These  categories  are  the  gradual,  rtqiid,  and  sudden  modes. 

Sample  characteristics  demonstrating  this  degradation  include  the  laser's  output  power  for  a 
constant  current  iiqiut  over  time,  (Fig.  laX  or  die  current  needed  to  maintain  a  constant 
output  power  over  time,  (Fig.  lb).  The  dominant  contributor  to  r^d  degradation  has 
been  attributed  to  what  are  known  as  dark  defects.  The  aim  of  dus  chapter  is  to  document 
die  variety  of  dark  defects,  their  affects  on  degradation,  and  die  proposed  remedies  to 
these  attributes  limiting  die  operational  lifetime  of  lasing  devices. 
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sudden 


(a) 

Fig.  1  (1: 116)  Typical  d^radatkm  modes. 
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First  a  background  is  provided,  oudining  some  of  die  basic  theoiy  desoibing  dark 
defects.  Following  this,  die  woik  leports  on  die  various  strains  of  the  dark  defects 
observed  in  semiconductor  lasers.  Then  their  mode  of  motion  is  described.  Next  the 
characteristics  diat  govern  the  growdi  of  dark  defects  are  detailed.  After  this,  a 
qualitative/quantitative  overview  of  the  dark  defects'  influenceg  on  the  device's  other 
operating  characterisdcs  is  presented.  Finally  a  summary  and  observadons  on  how  to 
reduce  the  dark  defects'  degradation  on  a  lasing  device  are  offered. 

IT.  17.  Bsckgro»ind  Crystals  contain  inqierfectiQns  diat  disturb  the  local  periodic 
arrangement  of  die  atoms.  These  inqierfections  serve  as  sites  for  nonradiative 
recombination  in  a  laser  which  is  dbecdy  related  to  device  degradadoiL  Sim|dypot,tf 
mote  power  is  requited  to  fuel  nonradiative  recombination,  dien  less  powv  is  avaSaUe  for 
lasing.  Abo,  nonradialive  recombination  processes  typical^  dissipate  the  power  via 
idionons.  These  vibrational  enogy  packets  heat  the  lattice  and  ate  therefore  capable  of 
melting  die  local  structure  if  enoi^  power  b  available.  Thb  leads  to  mote  defects 
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enhancing  tiie  nonradiative  recombination  process  as  a  whole.  The  defects  change  the  tight 
binding  state  of  die  electron  and  the  atom,  providing  a  continuum  of  energy  states  between 
die  valence  and  conduction  bands.  Through  the  continuum  of  states,  electrons  and  holes 
recombine  nonradiatively. 

To  understand  the  evolution  of  dark  defects,  an  examination  of  the  crystal  defects  is 
in  order.  Such  imperfections  may  be  point,  line  and  plane  defects  (1: 1 18).  Point  defects 
typically  are  due  to  either  a  vacancy  site  or  an  interstitial  atom.(Fig.  2(a))  The  plane  defect 
is  typically  a  stacking  fault  in  which  die  regular  sequence  of  a  stack  of  identical  atom 
layers  is  locally  interrupted  in  the  crystal  By  interrupted,  it  is  meant  diat  a  region  of  the 
layer  may  have  a  portion  missing  (intrinsic),  or  may  only  exist  over  a  local  region 
(extrinsic).  Bodi  are  shown  in  Fig.  2(b). 


vacancy  interstitial  atom 

(a)  Point  defect 


intrinsic  extrinsic 


(b)  Plane  defect 

Fig.  2  (1: 119)  Basic  concept  of  (a)  point  defect  and  (b)  plane  defect 
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The  line  defect  is  a  region  of  the  crystal  diat  is  severely  distorted  and  results  from  a 
lattice  slip  or  the  boundary  between  slipped  and  un-slipped  parts  in  the  ciystaL  A  vector 
known  as  the  Burger's  vector  is  used  to  indicate  the  strength  and  direction  of  the  lattice  slip. 
Two  cases  of  line  defects  are  the  edge  dislocation  and  screw  dislocation.  As  illusirated  in 
Fig.  3,  the  edge  dislocation  occurs  when  the  direction  of  the  slip,  and  hence  the  Burger's 
vector,  is  perpendicular  to  die  dislocation  line.  A  screw  dislocation  arises  when  the  slq) 
direction  is  parallel  to  die  dislocation  line  and  die  Burger's  vector.  A  dislocation  line  can 
also  occur  that  incorporates  the  edge  and  screw  dislocation  simultaneously.  This  is  called  a 
mixed  dislocation  line  and  win  lie  at  an  ang^e  to  the  Burger's  vector  as  determined  by  the 
lattice  constants  of  the  structure.  Dislocation  lines  can't  end  inside  the  crystal  As  a  result, 
dislocation  lines  form  closed  loops,  branch  into  other  dislocations,  or  end  at  die  surface  and 
grain  boundaries.  Thus  dislocation  lines  wffl  generaDy  combine  to  form  complex 
dislocation  networks. 


dislocation  line 


Fig.  3  (1: 120)  Basic  concepts  of  line  defects 


dislocation  line 
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During  operation,  nonradiative  recombinaticm  at  tiiese  defects  win  create  added 
stress  to  the  already  locaOy  stressed  structure  providing  vibrational  energy  vvdiich  causes  the 
defects  to  stuit  and  grow.  The  next  section  addresses  die  common  traits  inherent  to  change 
in  defects  change  during  operatiotL  But  first,  two  classes  of  lasers  are  introduced. 

Two  laser  models  repeatedly  serve  as  the  references  for  die  lasers  analyzed  in  the 
studies.  The  first  structure  to  be  outlined  is  die  Fabiy-Perot,  or  planar,  laser.  The  second 
model,  the  multiple  quantum  weU  (MQW)  laser,  is  a  variation  on  the  first. 

The  Fabry-Perot  (FP)  laser  is  illustrated  in  Fig.  4,  which  shows  a  cross  section  of 
each  layer.  On  the  bottom  side  of  a  n-type  GaAs  substrate,  there  is  an  electrode  covering 
the  entire  surface.  On  top  of  the  substrate,  progressing  away  fi-om  the  substrate,  there  is  a 
heavily  doped  n-type  AlGaAs  layer,  an  intrinsic  GaAs  layer  serving  as  the  active  layer,  then 
a  heavily  doped  p-type  AlGaAs  layer,  and  a  p-type  GaAs  cqi  layer.  On  top  of  these  layers, 
there  is  a  dielectric  layer  with  a  narrow  strip  exposing  die  cap  layer.  The  top  layer  is  the  p- 
side  electrode  which  makes  an  ohmic  contact  along  the  narrow  exposed  strqi  through  the 
dielectric  layer.  The  structure  is  cleaved  along  lattice  planes,  usually  a  {01 1 }  plane,  normal 
to  the  strip  contact.  This  cleaving  forms  facets  which  serve  as  the  active  cavity's  mirrors. 
Since  die  doped  layers  above  and  below  the  active  region  have  lower  refi^active  indices  than 
the  active  region,  the  £M  radiation  is  optically  confined  to  the  gain  region.  A  Fabry-Perot 
type  optical  cavity  is  formed  by  die  two  mirror  facets  and  the  active  layer,  hence  dus  is 
known  as  a  Fabry-Perot  type  laser.  Variations  on  this  structure  include  grading  the  relative 
amounts  of  die  aluminum  and  gallium  in  the  doped  layers  to  improve  optical  confinement 
and  coating  die  facets  with  dielectric  layers,  typically  AI2O3,  to  increase  the  reflectivity  and 
reduce  oxidation  of  the  mirrors. 

The  quantum  well  (QW)  laser  is  based  on  the  FP  laser  and  its  characteristics  can  be 
understood  on  die  basis  of  FP  lasers.  The  structure  is  quite  similar  to  die  FP  laser  except 
in  the  active  layer.  The  active  layer  thickness  for  a  quantum  well  is  on  the  order  of  the 
de  Broglie  wavelengdi,  X=hl  p.  Here  h is  Planck's  constant  and p  is  die  photon's 
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mirror  facet 


p-side  electrode 
dielectric  film 

p-type  GaAs 
(InGaAsP)  cap  layer 

p-type  AIGaAs 
(InP) 

GaAs  or  AIGaAs 
(InGaAsP)  active 
layer 

n-type  AIGaAs  (InP) 

n-type  GaAs  (InP) 
substrate 


(  )  for  InGaAsP/lnP  laser 


Fig.  4  (1:44)  Bask  structure  of  a  planar-type  semkonductor  laser. 


momentum.  This  narrow  thickness  restricts  the  motion  of  die  injected  carrier  in  the 
direction  perpendicular  to  die  dim  layer.  The  kinetk  energy  is  quantized  into  discrete 
energy  levels.  The  dikkness  of  die  active  layer  is  typical^  less  dian  a  few  tens  of 
nanometers.  Devices  containing  dm  feature  are  called  QW  structures,  in  which  the  thin 
r^ion  is  called  the  potential  wdl  and  adjacent  thicker  r^ons  are  known  as  potential 
baniers.  A  laser  having  a  single  diin  region  is  known  as  sin^e  quantum  well  (SQW),  and 
if  diere  are  altanating  duck  and  diin  regions  in  the  active  layer,  it  is  known  as  a  multiple 
quantum  well  laser  (MQW).  Fig.  5  displays  die  band  structure  of  die  active  layer  of  a 
MQW  laser.  In  actual  QW  lasos,  optical  and  carrier  confinement  can  be  increased  by 
emf^oyn^  graded  index  wavipguides,  dw  doped  layers,  as  ejqplained  in  the  FP  desct^oiL 
MQW  lasers  also  inherent  have  betto' optical  confinement  than  SQW  lasers.  These 
miproved  structures  can  require  a  lower  currerit  to  trigger  lasirig.  This  amount  of  current. 
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known  as  the  lasii^  threshold  current,  is  typically  one-^udf  to  <nie-third  dutt  of  a  FP  laser. 
The  extent  to  which  Areshold  current  changes  under  operation  serves  as  one  measure  of 
dM  degradation  of  the  laser. 


AI^Ga^.^As  barrier 


InGaAsP  barrier 

x/\x 


InP  layer 


LTLOJUU 


InP  layer 


[TiJTUTiJTi--rri 


InGaAs  well 

Fig.  5  (1:77)  Muh^  structure  of  AlGaAs/GaAs  (four  wed)  and  hiGaAs/lnGaAsP  (five 
wdl  active  layer). 
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n.1.3.  Types  of  Daiic  Defects.  The  most  demental  dark  defect  is  the  daiic  spot 


defect  (DSD).  Fukuda  et  al.  studied  the  generation  of  the  DSD  in  an  early  effort  to 
quantify  its  influence  on  a  laser  (S:L87).  Thdr  first  goal  was  to  ascertain  that  DSDs 
corresponded  to  crystal  defects.  Afler  operating  a  laser  until  DSDs  could  be  observed  via 
electroluminescent  (EL)  observation,  they  selectrvefy  etched  off  layer  by  layer  of  the 
sample.  First  the  p-side  electrode  was  removed,  and  the  surface  of  InGaAsP  cap  layer 
was  smooth.  The  cap  layer  was  etched  ofi^  but  flie  p-side  cladding  layer  in  the  degraded 
sample  had  no  features  correlating  to  the  EL  topogrq>hical  map.  Next  the  active  layer  was 
etched  diroiig^.  The  etch  pits  on  the  heteroboundary  of  die  active  layer  and  die  n-side 
cladding  layer  con:q)letely  correlated  with  the  DSDs  in  die  corresponding  EL  topognqihical 
map.  Upon  findier  layer  removal,  this  correlation  diminished  rapidly  and  the  etch  pit 
density  dropped  significantty  jfrom  the  density  near  die  active  layer.  This  study 
demonstrated  that  die  DSD  phenomena  arises  firom  crystal  defects  in  the  active  layer  of  a 
laser. 

Fukuda  et  al.  also  modeled  the  evolution  of  die  DSDs  in  laser  operation  (4: 1246). 
The  structures  anatyzed  lased  at  1.29  and  l.SS  micrometers.  They  began  by  preselecting 
samples  five  of  DSD's  or  DLD's  as  observed  by  EL.  A  qualifier  needed  here  is  that  while 
die  sanqiles  were  fiee  of  die  DSD's  diey  were  not  fiee  of  the  ongins  that  would  generate 
the  DSD's.  In  odier  words,  some  samples  contained  crystal  defects  outside  die  active 
region  so  they  would  not  initially  act  as  DSDs.  Assuming  diat  defect  generation  would 
depend  on  current  and  junction  temperature,  device  aging  was  carried  out  at  forward 
current  densities  of  S,  10,  and  IS  kA/cm^  and  junction  temperatures  of  about  30,  130, 
250^C.  Fig.  6  shows  the  generation  time  of  the  first  DSD,  and  the  operating  current 

density.  The  junction  temperatures  of  samples  were  adjusted  to  be  between  120  and 
140^C  by  chan^ng  die  ambient  tenqierature.  The  generation  time  of  die  first  DSD 
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strong^  depended  on  current  density,  and  it  can  be  e:q>res8ed  iq>proximatBty  by  the 
following  relation: 

tjCcexp(-A/^),  (2.1) 

^ere  /  is  die  injected  current  density  and  .^4  is  a  constant  Fig.  7  (4: 1249)  gtt^hs  the 
generation  time  for  die  first  DSD  as  a  fimcdcm  of  tonperature.  For  the  range  of  variaUes, 
it  is  clear  that  die  generation  time  mainly  depends  on  die  injected  current  densides. 


Fig.  6  (4: 1248)  Generation  dme  of  die  first  DSD  as  a  function  of  the  square  of  cunent 
densities  under  junction  temperature  of  120-140^.  Cross  point  (X)  is  the  median 
generatkm  time  of  the  first  DSD  for  each  aging  condititm.  (Wavelengdis:  X=  1.29pm,  X= 
1.55pm). 
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Fig.  7  (4:1249)  Generation  time  of  the  first  DSD  as  a  function  of  the  junction 
temperature  under  current  densi^  of  10  kA/cm.  Cron  point  (X)  is  the  medun  generation 
time  for  the  first  DSD  for  each  condition. 

While  M.  Fukuda  et  aL  studied  DSDs  they  were  careful  to  imte  that  dadt  line 
defects  (DLDs)  were  not  very  common  under  dieir  testing  eovnonment,  other  studies  more 
interested  in  DLDs  took  to  testing  an  inherently  more  stressed  structure,  aGsAslaserona 
aOicon  substrate  (7:791).  Thw  actual  goal  was  to  try  vadous  filtering  mechamsms  on  Si 
substrate  to  reduce  the  density  of  threa(fing  dislocations  and  detennine  if  die  substrate 
couldbeusedasaviaUeaheraativetoGaAs.  The  threa£ng  dislocatioos  would  serve  as 
nonradialive  recombination  centers  and  thus  DLDs.  The  tfireading  dislocation  deuekipB 
during  processing  and,  if  it  grows  throu^  die  active  Isyor  of  the  laser,  wfll  grow  and 
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Fig.  8  (1: 123)  (a)  Elongaling  mechanism  of  <100>  DLD;  (b)  Etectro-himmescent  (EL) 
pattern 
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develop  from  a  DSD  to  a  DLD.  The  details  to  actual  growth  and  motion  of  defects  are 
presented  later.  Fig.  8  shows  how  a  threading  dislocation  evolves  into  a  DLD  with  "aging" 
time,  the  time  of  normal  operation.  The  study  revealed  diat  while  thermal  cycle  annealing 
and  strained-layer  supeilattices  are  effective  in  reducing  the  threading  dislocation  density, 
even  the  best  structures  still  degraded  rtqiidly  when  compared  to  a  GaAs  substrate. 

Anodier  study  analyzing  dark  defects  attributed  the  mechanism  to  arsenic-out 
difiVision  (8:2260).  An  EL  gnq)h  of  several  active  regions  after  removal  of  a  portion  of  die 
n-side  metallization  revealed  a  number  of  DSDs  and  DLDs,  collectively  referred  to  as  dark 
area  defects  (DADs).  Examination  of  the  p-side  of  the  wafers  revealed  numerous  small 
gallium  rich/arsenic  deficient  depressions.  These  local  deficiencies  are  believed  to  have 
formed  during  fabrication,  forming  localized  concentration  gradients  i^ch  encourage 
Arsenic-out  difiusion  fi'om  the  active  layer.  Upon  comparing  figures  of  the  EL  graphs  to 
figures  of  die  depressions,  the  depressions  projected  onto  DADs  in  the  active  layer.  To 
further  si^iport  the  cause  of  the  defects,  an  EL  microgr^h  was  taken  of  an  active  layer. 
Then,  comparing  a  "good"  spot  to  a  degraded  spot,  die  elemental  composition  of  both  were 
analyzed.  The  arsenic  concentration  at  the  degraded  point  was  below  die  correct 
stoichiometric  concentration  in  the  p-confinement  and  cap  layer.  The  concentration 
gradually  decreased  fi’om  the  vicinity  of  the  active  region  to  die  cap  layer.  This  gradual 
decrease  indicated  a  difiusion  process. 

Another  defect  structure  found  in  research  is  the  worm-like  defect  structure.  This 
structure  initiates  fixim  a  mirror  facet  and  propagates  to  the  center  of  the  cavity.  Using  the 
TEM  micrf^aphs,  a  circular  black  spot,  appearing  at  the  tip  of  each  worm-like  defect,  is 
believed  to  be  a  metal-rich  droplet  qiproxiniately  0. 1  Spm  in  diameter  (Fig.  9).  A  laige 
dissipation  of  nonradiative  recombination  by  surface  recombination  or  previous  dark 
defects  results  in  a  localized  melting  at  die  surface  of  die  facet.  The  evaporation  of  the 
group-V  elements  leaves  a  metal  rich  droplet  which  melts  all  material  it  touches.  As  the 
source  of  dtis  energy  comes  fi’om  die  laser  beam,  die  melting  interface  between  the  metal 
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and  the  lattice  progresses  toward  the  center  of  die  cavity.  On  the  backside  of  the  metal 
drop,  the  metal  is  shadowing  die  material  from  more  energy  deposition  and  with  a 
relatively  cooler  temperature  the  materials  begin  to  solidify.  The  defective  boundary 
between  the  resolidified  material  gives  rise  to  the  worm-like  structure  seen  in  the  TEM. 
Crystal  defects  initially  contained  in  the  active  region  could  also  generate  this  structure  but 
the  teU  tale-signature,  die  metal  rich  droplet,  would  not  be  present,  which  makes 
observation  of  the  progress  of  die  defect  m(»e  difficult 

Another  study  verified  die  influence  of  facet  defects  on  laser  operation  (10:211). 
Upon  analyzing  a  graded  index  separate  confinement  heterostructure  single  quantum  weQ 
(GRINSCH-SQW)  with  a  single  low  reflective  (<10%)  facet  coating,  die  authors  d^ected 
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Fig.  9  (9:620)  TEM  top-view  microgriqihi  of  worm-like  defects.  The  dark  spots  are 
metal-rich  droplets  propagated  from  the  miiTor  facet 
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a  <1 10>  DUD  behind  every  facet  defect.  Some  <1 10>  DLD  defects  occurred  diat  had  no 
corresponding  facet  anomalies.  These  defects  were  caused  by  excessive  pulse  widdi  of  the 
driving  cturent  signal  This  study  also  analyzed  a  ridge  waveguide  structure  (Fig.  10)  with 
low  reflective  (<1%)  facet  coating  on  both  ends.  The  interesting  point  here  is  that  even  if  a 
danu^ed  facet  is  not  in  contact  with  the  active  region,  it  can  cause  DLDs  to  the  laser. 


-p-n;.Ac 


dielectric  film 

-AIGaAs 
aAs(AIGaAs) 

n-GaAs 
active  region 


n-electrode 


Fig.  10  (1:68)  The  basic  structure  for  a  ridge  type  laser. 


IL1.4.  Growth  and  Motion  of  Dark  Defects.  Line  dislocations  move  by  gliding  or 
climbing  (1:119).  The  Bulger's  vector  is  used  to  distinguish  these  motions.  The 
dialocafion  Ime  and  Bulger's  vector  form  whafs  known  as  the  s%  plane.  Gliding  occurs 
when  die  dislocation  line  moves  in  this  plane.  In  general,  the  sl^  plane  is  die  plane  widi 
die  higliest  density  of  atoms  and  the  direction  of  motion  is  the  diiection  in  ^ch  die  atoms 
are  most  closety  qiaced  in  die  slip  plane.  Plastic  deformation  win  encourage  this 
movement  Af^dying  this  to  a  m-V  compound's  zincblende  lattice,  this  means  diat  ^ding 
motion  occurs  in  the  (1 1 1)  plane  and  in  die  <1 10>  direction,  as  the  eaiher  mentioned 
studies  win  confiim  (1,9).  The  velocity  of  die  gliding  motion  has  been  shown  to  increase 
inversely  widi  die  bonding  energy  between  atoms,  and  dierefore,  the  ban^tqi  eneigy. 
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Climbing  occurs  when  tfie  dtslocahon  moves  out  of  the  slip  plane  and  perpendicuiar 
to  the  Burger's  vector.  The  motion  requires  additional  atoms  or  a  vacancy  in  the 
dislocation  line  in  order  to  move  out  of  die  slip  plane.  Therefore,  unless  a  difihision  of 
atoms  is  in  process,  the  climbing  motion  is  difScult  and  requires  thermal  acdvadoiL  The 
entire  dislocation  does  not  climb.  The  movement  occurs  a  bit  at  a  time  through  what  is 
caDed  a  jog  (Fig.  11).  The  jogs  themselves  can  be  treated  as  edge  dislocations  of  one 
lattice  space. 


Fig.  11  (1: 121)  Concept  of  die  climbing  motion  process. 

Now  that  it  is  known  diat  defects  can  move,  what  causes  such  mobon?  Given  an 
initiai  threading  dislocation  having  continued  from  the  substrate  or  a  stackmg  fault  and 
passed  dirough  die  active  layer,  one  would  initially  see  a  DSD.  As  this  is  a  center  of 
nonradiative  absorption,  die  growing  heat  will  deform  the  thread  into  a  dislocation  dipole, 
tqxm  further  aging,  the  dipole  will  form  a  network  elongating  in  the  active  layer,  hi  dds 
situation,  a  DLD  can  be  observed  in  an  EL  topogrtqdL  This  elongation  will  always 
elongate  in  die  <100>  direction  by  observation  from  die  direction  perpendicular  to  the 
active  layer  (001)  friane. 

A  more  prevalent  DLD  is  die  <110>  DLD.  This  growth  will  be  triggered  by  any 
anomaly,  no  threading  dislocations  are  in  the  active  region  initially,  a  disiocation  from 
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the  surface,  for  example,  a  facet,  may  provide  one  and  die  natural  g^ding  motion  of  die 
defect  win  cause  DLD  growth.  Thus,  the  DUD  wiU  elongate  in  die  (1 1 1)  slip  plane  and  its 
projection  to  die  (001)  plane  wQl  appear  as  a  <1 10>  DLD.  In  aging  a  FP  laser  with  an 
active  layer  of  InGaAsP  of  10-15  X  200  X  0.2  micrometers  at  10  kA/cm^  and  250OC,  die 
development  speed  of  such  defects  was  0.3  micrometers  per  hour  (S:L87). 

n.  1 . 5.  Variables  Influencing  Daik  Defect  Degradation.  Two  characteristics  of 
dark  defects  have  already  been  addressed,  the  orientation  of  their  growth  and  the  time 
required  for  the  first  dark  defect,  a  DSD,  to  be  generated  in  a  laser.  The  first  trait  depends 
obviously  on  the  lattice  structure  and  the  second  characteristic  has  been  shown  to  depend 
primarify  on  current  density  and  onfy  slighdy  on  tenqierature.  A  hig^  related 
characteristic  is  die  possible  dependence  of  the  growdi  of  DLDs  on  temperature  and 
current.  M.  Fukuda  et  al.  researched  this  topic  by  first  baking  8  samples  at  2S0^C  for  200- 
300  hours  without  operation  (3).  The  pulse  threshold  current  never  changed  and  no  dark 
defects  were  observed.  Then  they  operated  2  samples  at  10  kA/cm^  and  120-130^C,  the 
lasers  degraded  at  the  same  rate  as  samples  nm  at  10  kA/cm^  and  250°C.  Finally,  5 
samples  were  operated  at  5  kA/cm^  and  120-130^C  and  only  a  few  DSDs  were  observed 
alter  1000  hours.  The  pulse  threshold  current  for  these  samples  hardly  changed.  These 
results  strongly  indicate  that  die  growth  of  dark  defects  depends  strongly  on  operating 
current  density  and  only  weakly  on  the  junction  temperature. 

Another  variable  uncovered  involved  the  facet  heating  resulting  from  die  duty  cycle 
of  die  operating  current  (10:212).  Defects  that  had  not  been  attributed  to  facet  defects 
implied  that  the  devices  being  evaluated  were  operated  at  either  too  high  an  optical  power 
or  with  an  excessivety  long  pulse  widdi  in  die  power  vs.  current  curve  measurement.  A 
longer  pulse  width  leads  to  more  energy  being  applied  to  facet  heating.  By  increasing  the 
duty  cycle  and  shortening  the  pulse  widdi  the  authors  effectively  reduced  degradation  finm 
this  mechanism.  As  a  larger  duty  cycle  results  in  more  junction  heating  and  a  longer  pulse 
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width  results  in  greater  facet  heating,  it  was  concluded  diat  the  rate  of  degradation  was 
dependent  on  facet  headng. 

The  density  of  dtreading  dislocations  has  also  been  shown  to  influence  the  rate  of 
degeneration.  Returning  to  the  study  involving  a  Si  substrate  with  a  GaAs  based  laser,  it 
was  observed  diat  die  degeneration  rate  could  be  improved  by  annealing  and  by 
inqilementing  a  strained  supeilattice  (7:793).  These  processes  effectively  reduced  the 
threading  dislocation  density  to  improve  die  degradation  rate.  Nonetheless,  one  reason  die 
degradation  rate  was  still  rapid  compared  to  a  GaAs  substrate  is  that  the  laser  built  on  top 
of  a  substrate  of  similar  material  was  inherently  less  prone  to  crystal  defects  and  dius  had  a 
lower  threading  dislocation  density  than  even  the  best  of  the  structures  on  the  Si  substrate. 
The  studies  involving  the  BH  lasers  also  anticipated  influence  by  the  dueading  dislocation 
density  (9:612).  Having  found  that  point  defect  clusters  or  small  precipitates  usually  can 
be  revealed  by  selective  etching  as  saucer  pits,  examination  exposed  a  high  density  of  such 
pits  in  die  samples  studied.  However,  a  clear  correlation  between  the  etch  pit  density  and 
the  device  degradation  could  not  be  ascertained. 

In  an  effort  to  model  die  degradation  behavior  of  lasers,  Martins  et  al.  oudined  the 
influence  of  electron  beam  irradiation  doses  on  device  evolution  (11:554).  As  a  check  on 
their  efforts,  all  measurements  were  redundantly  obtained  from  both  electron-beam- 
induced  current  (EBIC)  and  nondispersive  cathodoluminescence  (CL)  signal  profiles.  AH 
devices  were  irradiated  at  600  A/cm^  and  results  were  compared  to  a  parallel  set  of  devices 
running  under  continuous  wave  conditions.  From  previous  work,  it  was  known  that  die 
profiles  would  exhibit  the  following  characteristics:  (i)  The  EBIC  signal  and  the  width  of 
the  EBIC  profile  increases  with  increasing  irradiation  dose,  (ii)  The  CL  signal  from  the 
active  and  buffer  htyers  decreases  with  increasing  irradiation  dose,  (iii)  The  initial  CL  and 
EBIC  profiles  can  be  recovered  when  die  degraded  sample  is  directly  biased. 

Measurements  were  based  on  die  external  voltage  necessary  to  recover  the  initial, 
non-degraded  profiles.  These  values  were  used  to  evaluate  die  donor  concentration  in  the 
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upper  cladding  layer  as  a  function  of  irradiance  dose.  The  donor  concentration,  having 
been  changed  by  nonradiative  recombination  and  leading  to  daric  defects,  in  turn  served  as 
the  measure  of  degradation.  Fig.  12  gives  the  profiles  for  the  two  types  of  SQW  lasers 
compared,  one  on  a  Si  substrate  and  the  other  on  a  GaAs  substrate.  Just  to  give  rough 
numbers,  under  an  equivalent  irradiation  of  1.6  A/cm^,  the  GaAs/Si  lasers  began  degrading 
at  2  minutes  and  for  the  GaAs/GaAs  lasers,  degradation  began  at  14  minutes.  After 
degrading  devices  by  uniform  irradiation,  local  irradiation  (only  irradiating  the  laser 
structure  on  the  Si  substrate),  and  continuous  wave  operation,  h  was  concluded  that  local 
irradiation  and  continuous  wave  operation  suffered  parallel  degradation.  Fig.  13  shows  the 
profiles  for  uniform  irradiation  and  Fig.  14  shows  the  profiles  for  both  continuous 
operation  and  local  irradiation. 

The  result  of  this  study  demonstrated  the  following  relation  (in  the  upper  cladding 
layer)  (11:558): 


(2.2) 


built-in  potential,  assumed  constant,  and  F  is  the  external  bias  needed  to  generate  the 
original  EBIC  and  CL  profiles.  Table  1  documents  this  relation  with  a  U ^  equal  to  1.86 


volts.  The  inr'^lanted  vs.  non-implanted  distinction  in  the  GaAs/Si  arose  from  crystalline 
damage  that  occurred  during  fabrication  and  the  analysis  covers  regions  both  affected  and 
unaffected  by  die  damage. 

This  report  also  generated  a  proposed  degradation  process  that  was  summarized  in 


three  stages  (11:559): 

Initially,  the  depl^'tion  region  changes  due  to  the  annihilation  of  Si  donors  (the 
dopant) .  This  annihilation  is  proposed  to  be  mainly  due  to  the  formation  of  a  complex 
involving  silicon  bound  to  gallium  and  a  vacancy  in  gallium:  Si^^  +  VGj,-^[Si(}a-VGjJ. 
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Fig.  12  (11:555)  Schematic  of  ttie  composition  and  thickness  of  the  layers  of  the  GRIN* 
SCH  devices  investigated. 
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Fig.  13  (11:555)  (a)  CL  and  (b)  EBIC  pivfiks  before  (dashed  Hues)  and  after  for 

an  mtomediaiy  (dot-dashed  Hnes)  and  a  final  (sdid  lines)  stage  of  degradation.  These 
profiles  were  obtained  by  irradiating  die  suifoce  of  a  noninq;danted  GaAs/Si 
materiaL 
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Fig.  14  (11:556)  (a)  CL  and  (b)  EBIC  profiles  before  (dashed  lines)  and  after  damage,  for 
an  mtermediaiy  (dot-dashed  lines)  and  a  final  (solid  lines)  stage  of  degradation.  These 
profiles  were  obtained  by  irradiating  only  the  GRIN-SCH  layers  of  a  nonimplanteH 
GaAs/Si  mateiiaL 
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Sample 

Irrad.  dose 
(xlO^^e'/cm*”^) 

m 

ff/N, 

(±2%) 

3.6 

•  •  • 

1.00 

CraAs/Si 

6 

0.50 

0.73 

(nonimplanted) 

9 

0.60 

0.68 

3.6 

0.40 

0.78 

GaAs/Si 

6 

1.00 

0.46 

(implanted) 

9.) 

>1.30 

<0.30 

4 

•  •  • 

1.00 

GaAs/GaAs 

8 

0.40 

0.78 

12 

0.60 

0.68 

*At  this -stage,  the  applied  bias  necessary  to  recover  the  initial  profiles  was 
enough  to  reduce  drastically  the  EBIC  signal. 


\ 


Table  I  (11:558)  Ratio  of  annihilated  donors  (Nf'Nj)  measured  for  differeni  irradiation 
doses  and  for  dififeient  materials.  These  values  were  deduced  from  the  bias  voltage 
necessary  to  recover  die  initial  profiles. 


This  may  serve  as  a  deep  electron  tnqi  and  is  promoted  by  an  electrical  field.  The 
formation  starts  in  die  p-n  junction  and  works  towards  die  SQW. 

The  second  stage  b^jns  when  die  comidex  formation  reaches  the  active  layer.  The 
high  densiQr  of  canieis  and  photons  enhance  the  process,  generating  more  complexes  and 
thus  creating  centers  for  nonradiative  recombmation.  This  is  noticed  extemalfy  by  a  drop 
in  die  quantum  efficiency  of  the  active  hyer.  (More  on  dtis  later.) 

The  durd  stage  b^hts  ^en  the  nonradiative  recombirudion  centers,  the  complexes, 
generate  local  heating.  This  causes  die  dislocations  to  ghde  and  junqi.  Widi  tins,  dark  lines 
appear  in  the  stressed  region  of  the  device. 
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These  last  two  steps  concur  with  Fukuda  et  al.  in  ttieir  study  on  current's  and 
temperature's  influence  on  degradation.  In  their  description,  degradation  due  to  DLDs 
could  be  said  to  occur  in  two  stages  (4: 1247).  hi  the  initial  stage  of  DSD  generation,  die 
DSDs  increase  in  number  but  do  not  absorb  energy.  In  die  second  stage,  no  more  DSDs 
are  created  but  those  diat  are  present  absorb  li^t  and  increase  in  size,  becoming  the  DLDs. 

n.  1.6.  Dark  Defects'  Influence  on  Other  Parameters.  Up  till  now  not  much 
enqihasis  has  been  placed  on  how  die  devices'  parameters  change  as  a  result  of  the  dark 
defects.  Dark  defects  affect  factors  such  as  local  heating,  currents,  breakdown  voltage,  the 
spontaneous  emission  intensity,  quantum  efficiency,  and  material  attenuation  coefBcients 
depend  on  die  dark  defect  density  and  thus  will  change  as  the  dark  defects  change.  This 
section  addresses  studies  analyzing  the  influence  of  dark  defects  on  the  lasing  device's 
characteristics. 

The  first  stu<fy,  conducted  by  Kobayashi  et  al.  demonstrated  that  local  temperature 
rises,  current  crowding,  and  lower  breakdown  voltages  were  present  near  the  dark  line 
defects,  i^en  these  values  were  compared  to  those  of  a  sound  region  of  a  device  (3:508). 
The  reasoning  is  that,  since  virtually  all  electric  power  stqiplied  is  converted  to  heat  and  the 
current  density  is  locally  high,  local  heating  win  occur,  even  if  current  is  insufficient  to 
support  lasing.  To  emphasize  the  current  crowding,  aU  measurements  were  carried  out 
below  the  lasing  threshold  and  diereby  remove  die  temperature  rise  due  to  absorption  of 
laser  radiation.  The  study  measured  current  and  temperature  distribution  profiles  by 
tracing  die  thermal  radiation  of  infiared  (HR)  and  electroluminescence  (EL)  to  a 
resolution  of  S  micrometers.  Fig.  IS  displays  the  temperature  distribution  profiles  along 
the  active  stripe  of  a  laser.  The  solid  curve  (1)  is  die  temperature  profile  for  the  forward 
current  of  130mA,  and  die  curves  (2)  and  (3)  are  the  profiles  for  die  reverse  current  of 
1mA  and  4.8mA  respectively.  Note  the  correlation  of  local  temperature  maximums  to  EL 
minimums  of  die  broken  curve  measured  also  at  the  forward  current  of  130niA.  Also  just 
below  die  graphs,  note  diat  die  dark  spots  evident  during  lasing,  correlate  to  die 
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(b) 


Fig.  15  (3:510)  (a)  The  temperature  distnhution  profiles  along  die  strqie.  The  solid  curve 
(1)  is  the  tenqierature  inofile  for  die  forward  current  of  130mA,  and  die  curves  (2)  and  (3) 
are  the  profiles  for  die  reverse  current  of  1mA  and  4.8inA,  reqieclivi^.  The  broken  curve 
diows  die  EL  intensity  distribution  in  i^ch  the  dark  lines  (A)  duoi^  (E)  are  indicated  by 
arrows.  Nonlinear  scale  of  die  ordinate  comes  fiom  die  nonlmear  d^endence  of  the 
detector  on  AT.  (b)  The  EL  pattern  of  the  degraded  diode  observed  through  the  n-type 
GaAs  substrate.  The  dark  lines( A)  through  (£)  are  indicated  by  arrows. 
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ten:q)eratiire  hot  spots.  There  are  two  possibilities  for  die  observed  non-uniform 
temperatures  distribution.  The  first  is  the  non-uniform  current  density  alotig  die  stripe  and 
the  odier  is  die  development  of  diermal  resistance  during  degradation.  From  previous 
discussion,  we  know  that  the  dark  regions  are  contained  in  the  active  region  and  diat  they 
provide  a  continuum  of  permitted  eneigy  states  for  the  carriers  to  run  recombine 
nonradiadvety.  Thus  a  non-uniform  current  density  is  more  likely.  The  other  eiqilanation 
would  require  die  defect  network  to  continue  throu^  die  cladding  layers  above  and  below, 
providing  higher  thermal  resistance  to  surround  die  cavity  and  thus  contain  die  thermal 
energy. 

The  next  figure  (Fig.  16)  shows  an  example  of  the  successive  change  of 
temperature  distribution  pattern  observed  at  constant  dc  forward  current  of  130mA.  The 
conditions  of  each  degradation  step  are  given  in  Table  11.  After  the  first  step  of 
degradation  (Dl),  dark  lines  are  observed  in  regions  A  and  B  and  these  correspond  to  the 
local  hot  spots  of  the  EL  profile.  During  die  next  step  of  d^radation,  the  dark  lines  grew 
and  the  temperature  rose  accordingly  (D2).  After  die  third  step,  the  network  at  B  suddenly 
changed  to  become  the  path  of  least  resistance.  Thus,  with  a  constant  current  source,  the 
current  distribution  adjusted  to  die  region  widi  die  lowest  breakdown  voltage  and  die 
temperature  distribution  adjusted  in  suite.  Thus  die  network  at  A  became  cooler  dian 
either  of  die  previous  steps.  An  extension  of  what  occurred  at  B  can  follow.  Widi 
continued  degradation,  the  network  can  bum  a  conqilete  path  dirougfi  the  active  region, 
dus  win  in  effect  short  circuit  the  active  region  and  dius  virtually  all  current  will  flow  here 
to  generate  one  temperature  peak  much  hotter  than  the  remainder  of  the  active  layer. 

A  final  observation  made  from  this  study  was  that  die  current  density  at  die  dark 
network  will  typically  be  twice  that  of  an  undegraded  region.  This  will  hold  until  the  fatal 
degradation,  the  point  i^ien  a  dark  network  shorts  the  active  region. 
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.  Thirmai  CHotmattM  of  Dmrit 


A  B 

Fig.  16  (3:511)  The  chaage  of  tBnq)entUFe  distxibutum  profile  and  the  EL  pattern 
observed  after  die  successive  d^radadon.  The  broken,  solid,  and  dot-dash  curves  are 
profiles  observed  after  the  degradation  step  Dj,  D2,  and  D3  respecdvdy.  Scale  of  die 
ordiiuttB  is  nonlinear. 


The  next  study  determined  that  with  degradation,  the  increase  of  the  threshold 
current  density  from  increased  cavity  loss  and  the  decrease  of  die  gain  coefEident  attributed 
to  more  dark  lines  in  a  form  of  positive  feedback  to  enhance  degradation  (12:835).  Before 
and  after  d^radadon,  the  current  density  and  the  odemal  quantum  efficiency  were 
measured.  After  repeated  measurements  of  several  samples,  the  study  {dotted  the 
s{)ontaneous  emission  intensity  (for  this  study  EL)  after  and  before  d^radadon  (EUEL^), 
the  dueshold  current  density,  normalized  to  before  degradadon  ( ^6  external 
differential  quantum  efficiency,  normalized  to  before  degradadon  (Tld/tido),  ah  as  a 
fimcdon  of  the  number  of  dark  lines/cavity  length.  All  are  shown  in  Fig.  17.  As  can  be 
ofr«erved  from  the  gr^hs,  with  an  increase  in  dark  line  density,  the  dueshold  current 
density  increases,  die  s{)ontaneou8  emission  intensity  and  the  external  dififerendal  quantum 
efficiency  decrease. 


Degradation 

step 

Condition  of  the 
degradation 

Pulse 

threshold 

current* 

DC  (operation 
current  time) 

Initial 

138  mA 

D. 

235  mA  (5  minutes), 
284  mA  (9  minutes), 
and 

344  mA  (2  minutes) 

350  mA 

D, 

198  mA  (7  minutes) 
and 

357  mA  (15  minutes) 

730  mA 

D, 

200  mA  (3  hours), 

366  mA  (2.5  hours), 
and 

500  mA  (2  hours) 

4000  mA 

•The  threshold  current  after  each  step  was  measured  by 
a  100  nsec  current  pulse  at  a  repetition  rate  of  about 


50  Hz. 


Table  U  (3:509)  The  condidons  of  the  successive  degradadon  ste{)s. 
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DARK  UNE  NUMBER/ CAVnV  LENGTH 
N«(NUMeER/300/i) 

(a) 


Nm(NUMBER/300^) 


(b) 


(<d 


Fig.  17  (12:837)  Rdadons  betweoi  degraded  ]asmg  characteristks  and  daik  fine  mimbera. 
Sdid  fines  are  calculated  results,  (active  layer  duckness  d  =1^). 


For  tfie  FP  lasers  analyzed,  the  relation  between  the  increased  threshold  and  the 
decreased  spontaneous  emission  intensity  in  degraded  lasers  show  that  die  two  normalized 
quantities  are  approximately  inversely  proportional.  Fig.  18  shows  data  points  against  a 
form  fitted  curve.  The  value  "d"  is  die  duckness  of  die  active  layer  of  the  FP  lasers. 

Reasoning  that  more  current  was  dissipated  at  die  dail  lines  dian  the  normal 
undegraded  region,  die  study  divided  die  total  injected  current  into  two  conqianents,  diat 
in  the  dark  lines  and  diat  in  the  normal  region.  The  study  assumed  that  the  current  density 
in  dark  regions  was  some  constant  C  times  diat  of  normal  region  (Jg)  and  that  some  portion 
of  the  length  of  the  cavity  was  dark  (L^)  where  L  was  die  total  cavity  length.  Further 
assuming  that  diere  were  some  equivalent  dark  lines  of  width  W^,  a  sum  of  diese 
current  densities  gains  die  relation  (12:838): 

J,=fl+(C-l)^Vg  (2.3) 

Lq  = 

where  is  the  average  current  density.  In  the  dark  line  Utde  or  no  spontaneous  emission 
occurs.  Therefore,  die  spontaneous  emission  intensity  decreases  with  the  increase  of  the 
number  of  dark  lines.  The  degradation  of  the  spontaneous  emission  intensity  EL/ELq  can 
easily  be  obtained  fi-om  the  ratio  of  the  current  injecting  into  normal  r^ons  after  and 
before  d^adadon  (12:838). 


_ C _ 

{1+(C-1)(L^/L)} 


(2.5) 


This  equation  actually  represents  the  upper  limit  of  the  spontaneous  emission  ratio. 
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NORMAUZEO  SPOMTANEOUS 
EMISSION  INTENSITY  EL/EU 


EMISSION  INTENSOY  EL/EU 


Fig.  18  (12:837)  Rebtkm  between  the  increase  of  tfneahold  current  density  and  tibe 
decrease  of  qxmtaneoos  eminiion  intensity,  d=  1  micrometer,  d=  0.3  mkaxnneteni. 


A 


When  the  dominant  lasing  mode  is  of  die  0th  mode,  \idiich  is  mostly  in  the  active 
layer,  we  can  obtain  the  threshold  current  density  \^ere  die  field  is  amplified  in  an 
exponential  form.  In  defining  and  Og  as  amplification  factors  of  the  exponent  in  the 
effective  absorption  region  (i.e.  dailc  region)  and  in  die  normal  region,  respectively,  the 
threshold  condition  of  a  laser  having  dark  lines  is  written  as  (12:838), 

2a^Z,^+2a^(L-L^)  =  -ln(l/fl),  (2.6) 


where  R  is  the  facet  reflectivity.  From  equations  (3),  (4)  and  (6),  threshold  current  density 
Jth  is  obtained  in  the  following  form  with  gain  coefBcient  and  cavity  loss  oc^ 

ln(l/i?) 


(2.7) 


p.Ai 


m 


«c^  =  «2deg* 


(  ^  ^ 

m 

(L-L  ^ 

1+(C-1)-^ 

• 

a 

1  ^ 

a 

u 


L-L 


\+a. 


2nond 


a 


(2.8) 


(2.9) 


where  is  the  gain  factor,  "d"  is  the  active  layer  thickness,  "m"  the  power  of  current 
dependency  on  gain,  a2(ieg  and  0C2nond  absorption  coefficients  for  the  daiic  line 
defect  regions  and  normal  regions  respectively.  Before  degradation,  where  La=0  and  C=l, 
gain  coefficient  p^j  and  cavity  loss  oq  take  the  following  forms, 


(2.10) 
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Thus,  the  ratio  of  the  tfireshold  current  density  alter  and  before  d^adation  is  obtained 
from  equations 

Cavity  loss  after  degradation  depends  on  the  number  of  dailc  lines.  If  it  is 
assumed  that,  under  stimulated  emission,  the  life  time  of  the  injected  carriers  is  sufficiency 
short  compared  to  die  nonradiative  lifetime  in  the  dark  line,  the  internal  quantum  efficiency 
is  nearly  independent  of  the  number  of  dark  lines.  (This  can  be  strained  for  a  large  number 
of  dark  lines).  Then  the  ratio  of  the  external  differential  quantimi  efficiency  after  and 
before  degradation  is  determined  by  the  difference  of  internal  absorption  and 

expressed  as. 


!!d.= 


f 

1+ 

V 


_V_) 

iii(i/fl)j 


a^L  ^ 


(2.12) 


Thus  some  of  the  parameters  that  model  the  operation  of  a  laser  have  been  listed  and  their 
dependence  on  dark  defects  highlighted. 

n.  1 .7.  Dark  Defect  E)egradation  Summary.  This  review  has  proceeded  to  describe 
what  are  known  as  dark  defects  in  the  realm  of  reliability  and  operation  of  semiconductors 
lasers.  Degradation  is  the  process  of  change  in  a  device's  operating  parameters  over  its 
operational  lifetime.  Dark  defects  prinuuHy  influence  die  rapid  change  of  diese  parameters 
of  which  some  examples  include  the  increase  of  die  current  density  necessary  to  trigger 
laang  and  the  amount  of  current  demanded  to  maintain  a  given  radiation  output. 

The  dark  defects  occur  as  a  result  of  growing  crystal  imperfecdmi.  These  crystal 
defects  may  occur  as  point,  line,  and  plane  defects.  The  defects  may  arise  during 
fabrication,  from  damage  incurred  widi  handling,  or  frxnn  driving  the  device  beyond  its 


material  constraints.  Defect  networks  may  be  treated  as  die  superposition  of  the  elemental 
defects. 

During  operation,  diese  crystal  defects  disturb  the  ti^  energy  band  structure  of  a 
crystal  and  provide  a  continuum  of  energy  levels  for  nonradiative  combination  to  occur. 
This  energy,  typicalfy  emitted  as  vibrational  energy  and  heat,  will  serve  to  fiiidier  stress  an 
abeatfy  locally  stressed  region.  Also,  the  energy  devoted  to  diis  destructive  process  is 
energy  taken  from  the  radiative  emissions,  thus  lowering  the  efficiency  of  the  laser. 

The  primary  influences  on  the  growth  of  daik  defects  are  the  current  density,  of 
which  it  varies  as  the  density  squared,  and  the  dancing  bonds  at  material  interfrices 
between  dissimilar  materials,  especialty  the  facets.  As  these  regions  upset  the  regular 
crystal  structure,  stressing  the  structure,  little  excitation  is  necessary  to  spur  on  furdier 
crystal  anomalies.  Fritz  et  al.  demonstrated  that  by  increasing  the  duty  cycle  and 
shortening  the  pulse  width  for  a  given  output  power  one  can  slow  die  degradation  due  to 
facet  heating  (10:21 1).  Other  studies  demonstrated  that  annealing  layers  and  employing  a 
strained  siqrerlatlice  one  can  reduce  the  threading  dislocation  density  and  in  turn  slow 
degradation  (3: 1246).  Also  using  a  silicon  substrate  for  a  m-V  lasing  device,  being  an 
inherentty  strained  structure,  will  degrade  laser  performance  significantly  more  quickly  than 
if  a  m-V  substrate  is  used. 

The  final  emphasis  of  the  review  focused  on  the  actual  dependence  of  device 
operating  parameters  on  the  density  of  dark  defects.  Characteristics  detailed  included  the 
temperature  and  current  distribution  profiles  as  they  correlated  to  dark  regions.  Studies 
demonstrated  that  the  current  density  of  degraded  regions  roughly  doubles  dud  of 
undegraded  regions  until  fatal  degradation  occurs  and  the  device  is  effectively  shorted  out. 
Other  parameters  modeled  included  die  spontaneous  emission  intensity  (ELX  the  threshrdd 
current  density  (Jfii)  and  die  external  quantum  efficiency  (rid). 
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n.2.  Facet  Deyradalion 

n.2.1.  Introduction.  The  facet  operational  behavior  of  a  semiconductor  laser  plays 
a  fimdamental  role  in  the  lifetime  of  the  device.  This  section  outlines  research  and 
development  serving  to  characterize  and  inq>rove  die  fiKets  of  semiconductor  lasers. 

Facets  function  to  transmit  and  reflect  the  lasing  beam  in  a  semiconductor  laser.  In  order 
to  extend  the  lifetime,  studies  have  been  conducted  to  model  the  variables  influencing  laser 
facets.  A  few  of  the  more  obvious  variables  include  the  intensity  of  optical  power  passing 
throu^  die  facet  and  die  cross  area  of  die  facet  Other  less  obvious  factors  include 
dielectric  coating  over  the  facets,  die  chemical  composition  of  regions  adjacent  to  the 
facets,  and  pre-aging  the  laser  at  lower  initial  drive  currents.  The  articles  reviewed  in  this 
literature  search  fall  into  two  general  categories.  The  first  papers,  sections  2  and  3,  study 
the  characteristics  inherent  to  the  facets  themselves.  The  second  group  of  prqiers,  sections 
4  and  5,  focus  on  the  degradation  and  lifetime  studies  influenced  primarily  by  facet 
breakdown. 

n.2.2.  Facet  Heating.  The  first  study,  conducted  by  Yoo  et  al.  (13:L1686), 
focused  on  the  local  temperature  rise  in  die  mirror  facet  of  hi^-power  InGaAsP/GaAs 
laser.  Specifically,  the  study  analyzed  die  influence  of  surface  states  on  facet  temperature 
rise  and  compared  the  InGaAsP/GaAs  high  powered  laser  to  an  AlGaAs/GaAs  hi^ 
powered  laser.  A  lower  temperature  rise  implies  less  facet  damage  and  hence  longer 
operation.  After  stressing  die  devices,  the  local  temperature  rise  of  the  InGaAsP/GaAs 
lasers  measured  one  order  of  nu^nitude  smaller  than  the  AlGaAs/GaAs  lasers  of  similar 
dimensions.  The  InGaAsP/GaAs  lasers  even  performed  widi  lower  temperature  rises  than 
AlGaAs/GaAs  lasers  widi  a  protective  coating  over  die  facets  (Fig.  19). 

The  audiors  cited  die  root  cause  of  the  facet  heating  as  norvadiative  recombination 
of  excess  carriers,  generated  by  the  driving  current  and  die  absorption  of  photons  near  die 
miiTor  facet  The  high  surface  recombination  rate  of  the  AlGaAs  lasers  likely  results  fixim 
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.  .  .  .  :  AlGaAs/GaAs 
-  :  InGaAsP/GaAs  (1-YlO) 
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Power,  P  (mW) 


Fig.  19  (13:L1687)  Local  tennqperature  rise  at  the  mirror  facet  of  InGaAsP/GaAs  SCH 
SQW  laser  wiOiout  mirror  coatiiig.  Initial  tenq>eratiire  rise  (~8  K)  reflects  faaeX  heating 
before  Oireshdd  of  stimulated  emtssion. 
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ttie  excess  surface  arsenic  atoms  ^ch  can  form  dancing-bond  oibitals.  This  study 
concludes  diat  in  using  phosphorous  in  the  GaAs  based  device  prevents  the  segregation  of 
arsenic  atoms  and  in  turn  reduces  the  number  of  recombination  sites  and  thus  lowers  local 
facet  heating. 

n.2.3.  Influence  ofMaterial  Traits  and  CaviWEHmensions.  The  next  article,  by 
CHiafouri-Shiraz  (14:38X  investigated  the  effects  of  various  material  and  structural 
parameters  on  the  properties  of  InGaAsP/biP  laser.  The  facet  reflectivity  and  the  mirror 
loss  warranted  interest  in  this  review.  After  a  hiCdy  mathematical  treatment,  the  author 
demonstrated  how  the  reflectivity  increases  witfi  the  fliickness  of  the  active  layer  and  with 
an  increase  in  the  difference  of  the  refractive  indexes  of  die  three  layers  composing  a  laser, 
An  =  |n^  -  n^  |  (Fig  31a-b).  The  other  trait,  the  mirror  loss  depends  not  onfy  on  the 

facet  reflectivity  (Rq)  but  the  length  of  die  lasing  cavity  L, 

(213) 

The  equations  leading  to  diese  two  properties  contribute  toward  designing  a  laser's  facets 
with  inherentty  favorable  traits. 

n.2.4.  Dielectric  Coating.  Having  higfilighl^  some  of  the  traits  of  die  facets,  the 
next  topic  involves  the  degradation  of  laser  performance  caused  by  facet  erosion.  Gfeller's 
and  Webb's  report  analyzes  over  235,000  device  hours  of  stress  studies  on  sin^e-quantum- 
well  graded-refracdve-index  edge  emitting  heterojunction  AlGaAs  ridge  lasers  with 
uncoated  and  half-wavelength  Al203-coated  facets  (6: 14).  The  coated  facets 
demonstrated  the  same  30%  reflectivity  as  the  uncoated  facets  in  order  to  keep  the 
variables  at  a  minimum.  The  stress  studies  conducted  include  lasing  isothermal  operation 
at  fixed  and  multiple  optical  powers,  fixed  optical  power  at  mult4>le  tenqieratures  of 
operation,  and  constant  temperature  and  current  operation  in  the  non-lasing  regime. 
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Fig.  20  (14:39^)  Variation  offiKct  reflectivity  Rq  far  the  fundainaitilTEo  mode  as  a  . 
fiinction  of  active  layer  tfaickiien  d  <  OJ  ^m  as  a  pacametBr. 

The  first  stress  environment  compared  operation  of  both  lasers  at  30  mW  optical 
power  and  SO^  heatsink  tenqwrature.  Ten  uncoated  lasers  denoonstrated  three 
d^radation  jduses.  The  first  jrfiaseexhibitBd  a  S%^1S%  increase  of  laser  curmtdming 
die  first  100  hoars  of  operation.  The  second  phase  exhibited  gradual  degradation 
several  hondred  hours,  roug^  43%  increase  over  700  hours.  During  this  phase,  due  to 
the  hi^  power  densities,  80%  of  the  devices  &iled  by  sudden  catastrophic  increase  of 
laser  current  widi  a  mean  time  to  fidhire  of  130  hours.  The  remaining  devices  exhibited  a 


47 


superiinear  rate  of  degradation  iq>  to  twice  the  initial  current  after  700  hours  of  operation. 
Ten  coated  lasers  produced  degradation  rates  of  roughly  0.18%/khr  (khr  =  1000  hours) 
and  no  catastrophic  failures  occurred.  The  coated  lasers  did  not  reach  the  third  phase  of 
degradation. 

The  next  stress  test  compared  operation  of  the  lasers  at  30  mW  optical  power  and 
lOO^C  heatsink  temperature.  The  imcoated  lasers  demonstrated  gradual  degradation  iq)  to 
40  hours,  followed  by  catastrophic  failure  in  all  cases  widi  a  mean  time  to  failure  of  46.S 
hours.  The  coated  lasers  produced  a  gradual  degradation  rate  of  0.83%/khr  after  6000 
hours  of  operation. 

To  investigate  the  degradation  behavior  of  the  lasers  at  different  optical  power 
levels,  twenty  lasers,  half  coated  and  half  uncoated,  operated  in  a  sequence  of  10/30/S0 
mW  optical  power  at  SO^C  heatsink  and  another  twenty  operated  in  the  reverse  power 
sequence. 

In  die  forward  sequence,  each  uncoated  laser  was  permitted  to  degrade  15%^  as 
measured  by  the  increase  in  current,  at  each  power  level  before  progressing  to  the  next 
level.  The  uncoated  lasers  produced  approximately  linear  degradation  curves  with  time  and 
die  corresponding  degradation  rates  increased  exponentially  with  optical  power.  The 
uncoated  lasers  operating  at  30  mW  demonstrated  a  35%  lower  degradation  rate  than 
diose  of  the  isodiermal  tests.  Also,  catastrofdiic  failures  occurred  among  only  20%  of  the 
devices,  all  during  die  SO  mW  phase,  significantly  lower  than  die  80%  of  die  isothermal 
tests.  The  uncoated  lasers  intended  to  operate  in  the  reverse  sequence  demonstrated 
drastically  different  behavior.  All  devices  failed  catastrophically  widi  a  mean  time  to  failure 
of  1  hour  during  die  first  SO  mW  phase.  These  results  imply  that  laser  lifetime  may  be 
enhanced  by  apptying  low  power  pre-aging  to  the  devices. 

Degradation  could  not  dictate  die  power  step  transitions  of  the  coated  lasers 
due  to  their  much  slower  degradation  and  thus  diey  operated  1S00-2S00  hours  at  each 
power  level.  Also,  fm  added  data  on  coated  laser  degradation,  with  100^  heatsink 
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temperatures,  ten  lasers  operated  with  the  same  forward  power  sequence  and  ten  lasers 
with  the  reverse  power  sequence.  The  linearized  degradation  rates  produced  a  similar 
exponential  increase  with  optical  power  as  the  uncoated  lasers  but  at  rates  60-100  times 
lower  than  the  corresponding  uncoated  lasers.  The  average  degradation  rates  measured  die 
same  for  forward  and  reverse  sequences.  Fig.  21  displays  curves  relatii^  die  uncoated  and 
coated  laser  degradation. 
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Fig.  21  (6:17)  Laser-current  degradation  rates  =  d/dt  (I/If^  vs.  optical  power  (power- 
step  stress).  Inset:  P-I  characteristics. 

The  next  test  subjected  coated  and  uncoated  beos  to  a  constant  current  at  one  half 
the  threshold  cunent  and  dien  at  the  dneshold  current  firr  10(X)  hours  each  at  50%.  The 
test  generated  die  time  change  of  the  (nmxnafized)  tfare^ld  current  (R^.  The  uncoated 
lasers  showed  a  small  increase  of  with  current  in  the  nonlaaing  r^hne 
(R^  =  1±  AO. S«10~^l/h)  and  strong  degradation  =  3. 75  ±  A  1.5*  10"*  1/h)  in  the  lasing 

regime.  Coated  lasers  showed  negligible  degradation  and  even  negative  degradation  in 


49 


some  cases.  The  degradation  discontinuity  between  dus  test  and  die  power  step  tests 
si^ests  that  tenqierature  and  optical  power  in  the  facet  region  act  as  d^radation 
accelerants  in  the  lasing  r^ime. 

To  summarize  this  stwfy,  a  series  of  isothermal,  constant  optical  power,  and 
constant  cunent  tests  demonstrated  that  \^e  die  facet  coating  would  not  prevent 
degradation,  it  does  permit  longer  operation  at  higher  tenqieratures  and  high^  optical 
power  outputs.  The  coating  reduced  die  degradation  rate  as  a  function  of  optical  power  by 
a  factor  of  60  -100.  These  experiments  also  demonstrated  that  pre-aging  imcoated  lasers 
at  low  optical  powers,  for  this  design  at  around  10  mW,  will  improve  the  lifetime  and  slow 
die  degradation  rate  of  the  device.  Over  all,  these  studies  demonstrate  facet  coating  as  one 
design  tool  for  producing  lasers  diat  may  run  at  higher  temperatures  and  higher  optical 
powers. 

All  the  study  conducted  on  semiconducttn-  facets  serves  the  drive  to  improve 
semiconductor  lasers.  The  next  article,  by  Chen  et  al,  cites  applications  for  dielectric 
coating  to  semiconductor  lasers  (15:245).  On  a  basic  level,  by  changing  the  reflectivity  of 
die  cavity  nurrors,  the  total  loss  of  the  cavity,  and  hence  the  threshold  current,  also  change. 
Another  inqxntant  use  involves  maximizing  the  external  quantum  efficiency  for  die  output 
facet.  Also,  using  facet  coatings  to  dictate  the  reflectivities  of  die  mirrors,  a  single  device 
nu^  have  a  highly  reflective  tniiTor  in  back  and  a  front  mirror,  die  ouqiut  port,  with  low 
reflectivity,  and  hence  high  transmissivity.  The  spectral  properties  of  a  laser  may  also  be 
modified  by  facet  coatings.  Via  facet  coating  die  lasers  may  be  fine  tuned  to  a  desired 
wavelengdi  and  die  bandwidth  of  die  frequency  pulse  narrowed.  The  luurow  bandwidth 
permits  the  laser  to  work  more  like  a  monochromatic  energy  source. 

IL2.S.  Optical  Flux  Densitv  and  (hnrent  Density.  Chinone  et  aL  conducted  a  study 
on  the  long-term  degradation  driven  by  facets  to  determine  if  die  optical  flux  density 
contributes  more  than  the  current  density  to  degradation  (16:  1160).  The  tests 
demonstrated  that  die  d^radation  rate  rises  steeply  once  the  current  density  breaches  a 
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certain  value  dictated  by  design.  The  tests  also  proved  that  the  degradation  rate  grew 
proportional^  to  die  optical  flux  density.  Furthermore,  all  devices  showed  very  litde 
degradation  before  lasing  commenced.  The  results  indicated  diat  die  optical  flux  density 
during  operation  contributes  more  strongjty  to  die  long-term  degradation  dian  the  current 
density.  During  the  tests,  the  mirror  facets  were  examined  and  noticeably  damaged.  Facet 
erosion  appeared  on  gradually  degraded  diodes  without  exception.  A  final  observation 
noted  that  the  facet  erosion  involved  the  ambient  atmosphere  as  certain  regions  of  facet 
material  were  left  unexposed  to  the  atmosphere  and  these  were  hardly  damaged. 

n.2.6.  Variations  of  a  Quaternary  Semiconductor.  The  next  study,  conducted  by 
Hayakawa  et  al,  focused  on  facet  degradation  as  a  function  of  the  relative  portions  of  a 
quatemaiy  semiconductor,  Gai.xAlxAs/Gai.yAlyAs  (17:  6068).  Simply  put,  compounds 
wWi  mole  fi^actions  x  of  0-0. 17  and  y  =  x  +  0.3  were  conqiared.  The  degradation  formed 
with  X  near  0  arose  mainly  fi-om  the  formation  of  dark  region  defects  and  dark  line  defects 
originating  from  the  facet  surfaces.  Facet  oxidation  dominates  for  x  at  0.08  and  above, 
oxidizing  faster  as  x  increases.  Life  tests  were  performed  for  lasers  with  x  =  0,  0.05,  0.08, 
0. 12,  and  0. 17.  These  constant  optical  power  tests  revealed  that  the  driving  currents 
increased  approximately  in  proportion  to  the  square  root  of  operating  time  for  uncoated 
lasers  in  all  cases.  An  AI2O3  facet  coating  effectively  suppressed  the  degradation  for  x  at 
0.08  and  above.  The  minimum  degradation  occuned  for  x  =  0.08  and  the  explanation 
offered  reasoned  that  the  refractive  index  of  this  particular  conqiound  matched  diat  of  the 
native  oxide  tfiat  formed  during  operation.  The  ambient  humidity  provided  another 
effective  accelerant  to  degradation  for  uncoated  lasers  with  higher  x  mole  fractions.  Again, 
the  facet  coating  suppressed  dus  influence. 

IL2.7.  Facet  Degradation  Summary.  In  summaiy,  diis  p^)er  has  reviewed  the 
traits  of  facets  in  semiconductor  lasers.  The  local  temperature  rise  results  primarily  firm 
the  optical  flux  of  lasing.  This  temperature  rise  causes  die  facet  to  erode,  as  a  result  of 
facet  erosion,  the  laser  requires  more  current  to  sustain  the  same  amount  of  optical  output. 
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As  a  means  to  counter  tfie  device's  degradation,  studies  employed  facet  coating  and 
demonstrated  diem  to  markedly  slow  facet  erosion.  The  next  article  suggested  several 
practical  applications  for  dielectric  coating  on  facets  including  adjusting  die  threshold 
current  and  narrowing  the  frequency's  bandwidth.  The  final  studies  reviewed 
demonstrated  that  device  degradation  can  be  reduced  by  incorporating  phosphorous  into 
GaAs  or  using  Gaj.xAlxAs/Gai.yAlyAs  with  mole  fractions  x  =  0.08  and  y  =  0. 1 1. 

n.3.  Contact  Degradation 

n.3.1.  Introduction.  This  study  focuses  on  die  recent  developments  in  ohmic 
contacts  as  they  to  DI-V  compounds  and  the  bonds  to  these  contacts.  As  die  diesis 
involves  operatmg  devices  around  lOO^C,  particular  attention  is  paid  to  the  influence  of 
extended  operation  at  elevated  temperature  on  p-type  and  n-type  ohmic  contacts. 

n.3.2.  General  Requirements.  The  bulk  of  this  review  stems  fitrni  an  article 
outlining  the  development  of  contacts  over  the  last  twenty  years  by  Shen  et  al.  (18:2113). 
The  end  product  of  a  sound  ohmic  contact  is  to  provide  a  connection  widiout  a  large 
potential  barrier  between  the  metal  and  semiconductor.  If  it  were  to  have  a  large  barrier  it 
would  produce  a  rectifying  connection  or  a  contact  with  high  specific  contact  resistance. 
The  specific  contact  resistance  is  simply  the  resistance  of  the  contact  multiplied  by  the  area 
of  the  contact,  (G  -cm^).  Two  successful  processes  have  emerged  to  answer  diese 

demands,  molecular-beam  epitaxy  (MBE)  and  rapid  thermal  processing  (RTF).  These 
processes  are  the  most  relied  iqxm  techniques  at  present,  and  die  following  review  outlines 
the  behavior  of  contacts  developed  from  these  mediods. 

An  early  general  conclusion  of  Shen  et  al.  paper  lists  the  dominant  variables 
influencing  specific  contact  resistance  to  be  the  doping  level  in  the  semiconductor,  the 
barrier  hei^  of  the  metal-semiconductor  combination,  the  carrier  effective  mass,  the 
dielectric  constant,  and  die  temperature  (18:21 13).  The  geometry  of  the  contact  and 
current  crowding  effects  do  not  heavily  influence  the  contact  resistance  in  typical  operation. 
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Next  tfie  study  outlines  seven  critical  properties  of  a  good  ohmic  contact. 

Table  III  lists  the  factors  and  typical  quantities  relevant  to  these  properties.  The  properties 
are  listed  below; 

1)  Low  specific  contact  resistance:  hfid-lO"^  Q  cm^  are  typically  acceptable  for 
devices  with  1pm  dimensions  but  as  devices  shrink  so  must  this  parameter. 

2)  Contact  stability:  Shallow  contacts  with  sharp  interfaces  must  be  maintained  in 
the  400^C  processing  temperatures  inherent  to  GaAs.  Spiking  typical  to  Au  alloys  v^en 
exposed  to  these  temperatures  are  deleterious  to  small  contacts. 

3)  Surface  smoothness  and  good  edge  definition:  Small  clearances  between  devices 
demand  good  edge  definition  to  avoid  shorts.  Also  a  smooth  surfiu;e  morphology  is  needed 
to  ensure  good  pattern  definition.  This  implies  diat  non-alloyed  ohmic  contacts  are  needed. 

4)  Corrosion  resistance:  Oxidation  and  corrosion  during  processing  and  before 
wire  bonding  must  be  evaluated  in  terms  of  the  integrity  of  bonds  and  the  long  term 
reliability.  Inert  metals  such  as  Au  satisfy  this  particulaify  weE 

5)  Radiation  damage  resistance:  GaAs  devices  typicalty  perform  better  than  silicon 
in  hi^  radiation  environments,  encouraging  use  of  fiiese  devices  for  work  in  such 
conditions.  Thus  contacts  must  be  developed  to  resist  such  environments. 

6)  Low  residual  stress;  Mininiizing  stress  reduces  induced  dislocations  vdiich 
contribute  to  degradation.  Typical  solutions  require  tfntmer  metallic  layers  and  using  metal 
widi  similar  lattice  constants  and  coefficients  of  thermal  expansion  to  fire  semiconductors. 

7)  Good  thermal  and  electrical  conductivities:  For  large  scale  integration,  heat 
dissqMtion  is  a  limiting  factor,  and  thus  metallization  must  have  high  thermal  and  electrical 
conductivities. 

IL3.3.  Au-Based  Contacts.  Having  outlined  the  characteristics  of  the  ideal  ohmic 
contact,  the  next  problem  donands  finding  the  best  available  compromise  to  fill  the 
denumds.  Au*based  contacts  seem  among  the  best  packt^es  owing  to  dieir  low  specific 
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Factors 

Desiied  conditions 

Design 

Fewer  layers,  moderate  Uneknesi,  round 
edges 

Processing 

Simple,  easy  for  mass  prodBction,  aride 
process  window,  and  withstand  400  *C  for 
packaging/high  temperature  (800-900*0 
for  dopant  activation 

Reproducibility 

Good 

Yield 

High 

Pf 

Low  (  <  10~*  n  cm*) 

Sheet  resistance 

Low  (a  few  n/O 

Thermal  stability 

Good  (no  Pf  change  at  400  *C  for  100  h, 
miniminn; 

no  lateral  and  vertical  difftisioBS) 

Surface  morphology 

Smooth 

Edge  definition 

Sharp 

Corrosion  resisctanoe 

Good  (no  oxides,  no  electromigratkm) 

Wire  bondability 

Coflipatibie  with  An  or  A1  wtrci,  no  brittle 

compounds 

intermetallie 

Radiation  resistanee 

Good 

Cost 

Low 

Residue  stress  to 

NU 

semieondoctor 

Long  term  subility 

>  expeaed  device  lifedine 

in  service  ( 10% 
increase  in  p,) 

Thermal 

Oose  to  the  matched  semicondneton 

expansion 

coefficient 

Adhesion  to 

Good 

III-V 

compounds 

Table  !□  (18:2116).  Requimnenls  of  a  good  ohmic  contact  for  m-V  compound 
semicondactors. 


c<nitact  reastance,  good  bondabSity,  ease  of  deposition,  and  inertness.  The  primary 
drawback  arises  from  the  low  mdting  point  typical  of  this  fionily  of  alloys. 

Recent  developments  in  contacts  to  n-type  GaAs  involve  anatyziog  and  comparing 
the  Ni/AuGe/GaAs  connection  (18).  AMiou^  an  initial  M  l^er  optimizBS  the  aDoying 
kinetics  and  the  inter£u:e  can  be  smoodied  to  within  20nm,  thermal  stability  and  e(%e 
deterioration  stQl  exist  After  comparing  Au/Ni/Ge,  Au/Pd/Ge,  and  Au/Pt/Ge,  the 
Au/Pt/Ge  demonstrated  die  best  electrical  properties  and  surface  mor[di<dogy.  This  implies 
that  the  Pt  may  serve  to  replace  Ni  in  the  Ni/AuGe  metallization. 
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Odier  attempted  ahematives  to  Ni/AuGe  include  employing  refractory  metals  such 
as  W,  Ti,  and  Mo  for  high  temperatut^  metallizations  (18).  These  systems  have 
demonstrated  stability  up  to  700®C  and  thus  also  act  as  a  barrier  to  Ga  and  As  out-ifiusion. 
Au/Cr/Au/Ge  contacts  have  been  demonstrated  as  thermally  stable  for  128  hours  at  390^C. 

P-type  GaAs  contacts  have  not  received  as  much  attention,  but  recent  advances 
have  generated  specific  contact  resistances  down  to  die  10~^  Q-cm^  range.  The  recent 
RTP  techniques  produced  Au/Zn/Au  and  Pd/Zn/Pd  contacts  in  this  category  (18).  Studies 
used  NilnW  and  Pd/Sb(Mn)  metallizations  to  obtain  a  low  specific  contact  resistance  that 
remained  stable  for  over  30  and  20  hours  respectively  at  400^0. 

The  summary  by  Shen  et  al.  continues  to  highlight  customized  metallizations  for 
AlGaAs,  InGaAs,  InGaAsP,  GaSb,  InP,  and  InAs.  Intrinsic  to  these  systems  are  unique 
methods  employed  for  contact  improvement  Although  certainly  of  interest  to  future 
development  should  the  contacts  become  a  limiting  factor  to  elevated  temperature 
operation,  they  are  too  specialized  for  the  present  research  aims. 

n.3.4.  Characteristic  Performance.  Intrinsic  to  this  research  are  the  reliability  and 
actual  performance  of  the  contacts  operating  at  extended  heated  conduction.  Failure 
mechanisnis  are  grouped  into  three  main  categories  due  to  operation  at  high  current 
density,  high  temperature,  and  high  electric  field  conditions: 

1)  degradation  due  to  interdifriision  between  the  metal  and  semiconductor, 

2)  metallization  shorts  or  open  circuits  due  to  electromigration,  and 

3)  inter-electrode  shorts  due  to  field  induced  electrode  material  transport. 

Examples  are  presented  describing  each  category  of  failure  mechanism. 

The  most  routine  n-type  Ni/AuGe  contacts  have  demonstrated  intenhfiusion  during 
package  processing.  Au  penetrates  0.1-0.3  pm  into  the  GaAs.  A  general  means  of 
reduch^  the  difiusion  is  the  installation  of  a  barrier  layer  such  as  TiN  to  reduce  atomic 
mobility. 
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Electrom^ation  is  a  mass  transport  mechanism  caused  by  electrons  colliding  with 
atoms  and  transferring  momentum.  Electromigration  has  been  observed  in  Al,  Al-alloy, 
and  Au  films  operating  at  5-20*10^  A/cm^,  200-300®C,  for  10-1000  hours  (1: 142).  If  the 
metal  layer  is  non-uniform  a  choke  point  in  the  current  can  occur.  This  point  will 
experience  a  higher  local  current  density  and  thus  cause  a  higher  mass  flux.  The  non- 
uniform  flux  will  remove  more  material  from  the  choke  point  and  exacerbate  the  non 
uniformity.  Eventually  an  open  circuit  may  form.  The  choke  point  is  referred  to  as  a  void 
and  the  material  build-up  down  current  as  a  hillock.  The  moved  metal  ions  condense  and 
form  whiskers  around  the  hillock  as  well. 

As  devices  continue  to  shrink  inter-electrode  distances  diminish  and  high  fields 
become  more  influential  in  inducing  inter-electrode  migration.  The  whiskers  that  grow 
widt  this  migration  may  form  paths  between  electrodes.  Migration  has  been  demonstrated 
to  be  related  to  the  amount  of  AS2O3  on  the  GaAs  surface  prior  to  metal  deposition. 
Ammonia  plasma  treatments  before  a  Si3N4  deposition  have  diminished  metal  migration. 

II.3.5.  Wire  Bond  Degradation.  While  electromigration  is  influential  to  contact 
degradation,  it  also  serves  as  die  primary  degradation  mechanism  for  the  wires'  bonds  to 
the  electrodes  (1: 140).  The  reaction  between  metals  also  contribute  and  both  mechanisms 
serve  to  increase  the  thermal  and  electrical  resistance.  Continued  degradation  leads  to  open 
and  short  circuits. 

Aging  studies  demonstrate  interdifliision  and  intermetallics  formation  at  the 
interface  between  solder  and  electrodes.  Soft  solder,  such  as  In  and  Sn,  generate  grain 
boundary  diffusion  of  Sn  into  Au  and  bulk  difiusion  of  Au  into  Sn.  Typically  the  grain 
diffusion  proceeds  more  rapidly.  After  the  diffusion  intermetallics  form.  Generally  a  hard 
solder,  such  as  Au  rich  Au-Sn,  Au-Si,  or  Au-Ge,  are  maikedly  more  stable  and  slow  the 
diffusion. 
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Hard  solder  will  also  fatigue  less  if  thermal  cycle  stressing  or  power  cycling  are 
inherent  to  the  aging  of  the  device.  Soft  solder  will  initially  protect  devices  from 
mechanical  stress  in  thermal  variants,  but  the  solder  degrades  and  eventually  cracks. 

Returning  to  electromigration,  void  formation  at  the  soft-solder  bond  win  generate 
diermal  hot  spots  as  described  previously,  fr  a  laser  must  maintain  a  given  output  power, 
the  void's  increased  thermal  resistance  will  increase  the  local  operating  tenqterature,  which 
will  inherently  degrade  efficiency  and  demand  more  current  to  maintain  power.  The 
process  of  positive  feedback  leads  to  a  rapid  increase  of  current  and  is  called  thermal 
runaway.  Lasers  have  demonstrated  this  within  10,000  hours  of  aging  at  SO  to  70^C  and 
under  1,000  hours  at  lOO^C  (18).  Studies  have  also  demonstrated  that  the  current  clearly 
enhances  thermal  resistance  increase  when  metals  such  as  Cr,  Pt,  and  Sn  are  employed. 
Although  the  eutectic  melting  point  for  the  Au/Sn  solder  is  over  200^C,  the  three  materials 
react  with  each  other  at  lOO^C  under  current  biasing.  If  the  packi^e  is  passively  baked  at 
200^C  the  same  reaction  does  not  occur.  The  general  solution  to  these  degradations 
demands  using  hard  solder. 

n.3.6.  Contact  Degradation  Summary.  This  review  has  outlined  the  development 
and  degradation  mechanisms  studied  involving  ohmic  contacts  to  EI-V  semiconductors. 
The  semiconductor  doping  level,  barrier  height,  carrier  effective  mass,  and  die  temperature 
strong^  influence  the  specific  contact  resistance  of  ohmic  contacts.  Presently  Au  based 
contacts  provide  the  best  available  systems  for  ohmic  contacts.  Their  primary  drawback 
stems  from  fact  that  the  melting  point  for  such  alloys  is  generally  below  temperatures 
needed  to  process  GaAs  semiconductors  Otherwise  the  contacts  strongly  satisfy  the 
characteristics  desired  of  good  ohmic  contacts.  Such  properties  include  low  specific 
contact  resistance,  surface  smoothness  and  good  edge  definition,  corrosion  resistance, 
radiation  damage  resistance,  low  residual  stress,  and  good  thermal  and  electrical 
conductivities. 
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As  this  research  intended  to  age  devices  in  an  accelerated  maimer,  possible 
degradation  characteristics  diat  would  Umit  the  lifetime  had  to  be  studied.  Degradation 
effected  by  the  contacts  and  wire  bonds  to  contacts  falls  under  tfiree  general  mechanisms: 

1)  degradation  due  to  interdifiusion  between  die  metal  and  semiconductor, 

2)  metallization  shoits  or  open  circuits  due  to  electromigration,  and 

3)  inter-electrode  shorts  due  to  field  induced  electrode  material  transport 

The  last  two  mechanisms  may  generate  a  characteristic  known  as  thermal  rtmaway.  The 
voids  formed  by  a  local  hot  spot  in  the  metal  increase  current  density  which  increases  die 
migration  and  increases  the  diermal  resistance.  This  process  is  self  enhancing  and  if  a  laser 
is  driven  to  maintain  a  constant  power  output  it  can  only  due  so  by  increasing  the  current 
and  accelerating  die  electromigration.  The  final  resuh  is  a  open  circuit  and  failure  of  the 
laser. 

The  final  section  addressed  degradation  attributed  directly  to  the  wire  bonds.  The 
bond  sights  are  particularly  prone  to  difiusion  between  different  metals.  Whfle  a  typical 
solder  may  have  a  melting  point  weO  above  operating  conditions,  current  has  been  shown 
to  enhance  reactions  across  die  interface  which  cause  degradation.  Fukuda  generally 
concluded  diat  to  create  high  reliability  lasers,  a  hard  srdder,  such  as  Au  rich  Au-Sn,  Au-Si, 
or  Au-Ge,  are  necessary  and  soft  solders,  such  as  In  and  Sn,  will  only  operate  on  a  short 
term  basis  (1). 

n.4.  Chapter  Summary 

This  chapter  has  oudined  research  on  three  degradation  mechanisms  that  tend  to 
dictate  die  operational  lifetime  of  e^  emitting  semiconductor  lasers.  These  d^radation 
mechanisms  are  die  darlc  defects,  facet  degradation,  and  (dmuc  contact  degradation.  Dark 
defect  degradation  occurs  under  the  widest  range  of  operation  conditions,  but  as  it  involves 
crystal  defects  duou^out  the  active  layer,  it  typically  demands  destructive  analysis  such  m 
transmission  electron  microscopy  (TEM)  tC'  verify  its  influence.  Dark  defects  occur  as 
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point,  line,  and  plane  defects.  During  operation  crystal  defects  throu^out  the  device  grow 
or  migrate  toward  heat  sources,  typically  the  active  region  of  a  laser.  Once  in  die  active 
region,  die  defects  disturb  the  tight  energy  band  structure  and  provide  a  continuum  of 
energy  levels.  This  continuum  allows  energy  transitions  to  generate  heat  and  vibration  diat 
fiirtiier  disturb  die  crystal  and  absorb  radiative  energy,  aU  promoting  fiirdier  defect  growth 
and  laser  degradation.  The  growth  rate  of  dark  defects  depends  on  the  square  of  the 
current  density  and  die  density  on  dangling  bonds  at  material  interfaces.  Finally,  dark 
defects  typically  absorb  twice  the  current  density  of  undegraded  regions  and  studies 
modeled  their  influence  on  die  spontaneous  emission  intensity,  die  threshold  current 
density,  and  the  external  quantum  efficiency. 

The  next  d^radation  mechanism  addressed  involved  die  influence  of  facet's  on  a 
device's  operation.  The  dominant  parameter  damaging  the  facet  is  the  local  temperature 
rise.  The  optical  flux  is  in  turn  primarily  responsible  for  this  burning  of  die  facet.  As  the 
facet  bums,  it  boils  off  its  surface  and  the  reflectivity  drops.  This  in  turn  demands  more 
current  to  generate  a  constant  power  output.  The  most  effective  means  for  slowing  this 
mechanism  demands  a  dielectric  coating  over  the  facets.  Another  means,  although  not  as 
effective  an  improvement,  involves  adjusting  the  mole  fraction  of  a  ternary  conqwund 
serving  as  the  active  layer  to  minimize  die  rate  of  facet  degradation. 

E)egradation  of  die  electrodes  demonstrate  the  third  type  of  degradation.  Three 
genaal  mechanism  are  attributed  to  the  solder,  contact,  and  thdr  bond: 

1 )  degradation  due  to  interdifiusion  between  die  metal  and  semiconductor, 

2)  metallization  shorts  or  open  circuits  due  to  electromigration,  and 

3)  inter-electrode  shorts  due  to  field  induced  electrode  material  transp<»l 
Typically  degradation  of  die  electrodes  wiD  result  in  eidier  an  open  or  short  circuh.  The 
primary  means  of  reducing  the  degradation  of  the  solder  and  bond  is  to  employ  a  hard 
solder.  Of  course,  the  contact  material  itself  should  match  the  material  properties  of  the 
semiconductor  and  solder  to  minimize  residual  stress.  Other  propoties  required  of  a  good 
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contact  inchide  low  contact  resistance,  surface  smoothness  and  good  edge  definition, 
corrosion  resistance,  radiation  damage  resistance,  low  residual  stress,  and  good  thermal  and 
electrical  conductivities. 

The  aim  of  diis  research  is  to  demonstrate  the  roles  of  diese  mechanisms  in  the 
degradation  of  lasers  running  in  elevated  temperatures  and  under  continuous  wave 
operation.  The  operation  environments  of  the  literature  reviewed  inq>fy  diat:  first,  diuk 
defects  degradation  can  be  expected  to  occur;  second,  facet  degradation  will  depend  highly 
on  the  materials  employed;  and  third,  that  contact  degradation  is  not  expected  to  not  be 
observed  in  the  short  time  allotted  for  operation  of  die  devices  in  dus  study. 
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in.  Reseatch  Support 


This  cluster  serves  to  summarize  die  efforts  taken  to  prepare  for  the  effects  of 
elevated  operation  temperatures  on  the  lifetime  of  die  edge  emitting  semiconductor  lasers 
provided  by  the  EUR  branch  of  Wright  Laboratories.  Efforts  fell  into  three  general 
cat^ories;  the  design  and  calibration  of  siqiport  hardware,  device  manqmlation,  and  data 
gathering.  Data  gathering  is  detailed  under  methodology  in  the  next  chapter.  The  first 
section  eiqiands  on  die  design  and  calibradcm  of  die  siqiport  hardware.  Included  among 
this  hardware  are  a  carousel  (datform,  the  laser  mount,  the  thermocoiqiles,  and  the  adr^ters 
fabricated  for  use  with  an  optical  microscope. 

The  second  section  details  the  manipulation  of  the  devices  before  subjecting  them 
to  elevated  temperatures.  Topics  entailed  in  this  section  include  a  cleaving  technique 
introduced  to  provide  consistent  cavity  lengths  throughout  die  data  base.  Also  detailed  in 
this  section  are  die  steps  and  criteria  employed  to  select  one  of  duee  designs  for  detafled 
study.  Finally,  die  resuhs  of  an  attenqit  to  bum  out  a  laser  widi  a  hi^  current  doisity  are 
detailed. 

DLL  Hardware  Design/Calibrstion 

The  early  efforts  of  this  research  involved  developmg  the  customized 
hardware  used  to  drive  multiple  lasers  at  high  temperatures  and  obtain  the  optical  ou^Nit  of 
these  lasers.  The  general  plan  involved  operating  six  lasm  on  top  of  indepaidoit  hot 
plates.  This  section  oudines  die  hardware  developed  to  execute  dus  phm.  Also,  this 
section  describes  die  hardware  crmstructed  to  measure  the  temperature,  power  output,  and 
dimensions  of  die  laser  cavities. 
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As  tfie  spectral  distribution  of  output  of  the  lasers  might  be  called  for,  a  means  for 
directing  each  laser's  ouh>ut  to  a  monochromator  was  required.  Therefore  a  rotating 
platform  that  would  secure  the  hot  plates  and  mount  otiier  typical  laboratory  hardware  was 
devised.  This  platform  permits  each  laser  to  be  positioned,  in  turn,  immediatety  in  front  of 
any  single  set  iq)  such  as  a  focusing  lens  or  a  power  meter.  A  circular  platform  with  a  36 
inch  diameter  and  a  2  inch  rectangular  grid  of  1/4  >  20  tiureaded  holes  was  machined  from 
1/4  inch  sheet  steel.  This  platform  was  tiien  mounted  on  top  of  a  rotating  platform 
intended  for  a  conqjuter  monitor.  Appendix  1  displays  the  design  diagram  and  tiie 
outihies  of  the  hot  plates  that  would  be  mounted  on  the  platform. 

A  laser  mount  permitting  thf  operation  at  elevated  temperature  in  a  mechanically 
stable  situation  was  devised  next  The  other  concerns  dictating  tins  mount  were  that  any 
measuring  device  would  have  to  be  placed  immediately  in  front  of  the  laser  and  that  the 
lasers  were  to  be  packaged  on  TO-S  transistor  package  mounts.  Appendix  2  displays  the 
design  dh^ams  for  the  fiboal  mount  employed. 

Initially,  the  plan  caUed  for  building  a  feedback  network  linking  the  temperature  at 
the  laser  to  a  unit  controlling  the  driving  power  source  for  each  hot  plate.  Finally  it  was 
determined  tiiat  die  thermal  controlling  hardware  would  not  become  available  and  tire 
stride  tiiermal  controller  unit  already  possessed  by  tire  AFTT  Physics  Department  would 
have  to  be  employed  simply  as  a  titermometer  with  no  active  feedback. 

After  assembling  the  thermocoiqiles,  calibration  of  the  five  thermocouples  was 
necessary.  Upon  attaching  the  tiiermocouples  to  the  same  location  and  elevating  tiie  point 
to  several  temperatures,  all  thermocouples  produced  the  same  results  within  0. 1^  and  tiius 
aD  were  assumed  to  renuun  calibrated  in  future  readings. 

There  were  two  drawbacks  to  die  resulting  setup  irtvolving  die  hot  plates.  First,  die 
temperature  was  contrdled  only  by  the  gai^  built  into  the  hot  plates.  This  meant  dut  dK 
time  lag  between  adjusting  die  temperature  setting  of  the  hot  plate  and  its  influence  on  the 
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laser  mount  was  at  least  five  minutes.  The  second  drawback  arose  fixrni  the  fact  that  the 


hot  plates  built  in  heat  sensors  allow  at  least  a  AT=±3^C  tolerance  about  the  desired  central 
temperature.  One  hot  plate  generated  an  oscillation  of  AT=±18^Cvs1iich  prevented  it 
jfrom  being  employed  more  than  once.  This  tolerance  was  observed  in  efforts  to  calibrate 
and  en:q>loy  die  hotplates  at  100,  12S,  and  200^C.  As  the  laser  output  depends  strong  on 
small  changes  in  operating  tenqierature,  it  was  observed  that  AT=±1<^C  at  lOO^C  could 
induce  a  AP=±3mW,  dus  vaiying  tenqierature  introduced  a  laige  maigin  of  error  into 
maintaining  a  constant  power  output.  As  a  result,  the  power  output  was  adjusted  only 
nlien  the  temperature  was  within  one  degree  Celsius  of  die  desired  center  temperature. 

The  final  concern  involving  the  thermocouples  arises  firom  the  systematic  error  in 
die  measurements  recorded.  The  diermocouples  were  mounted  rougfily  1cm  fi'om  die 
device.  The  active  layer  is  known  to  be  a  heat  source  and  it  was  assumed  that  die 
difference  between  die  temperature  of  this  region  and  die  thermocouple  was  consistent 
throughout  the  data  base. 

Having  described  the  hardware  necessary  for  obtaining  the  power  output  of  the 
lasers  as  a  function  of  temperature  and  current,  Appendii  3  provides  the  block  diagram  of 
die  seti^)  to  obtain  these  measurements.  Appendix  4  provides  a  hst  of  the  hardware 
em{doyed  to  execute  the  measurements. 

The  next  concern  deah  with  the  measurement  of  the  laser  cavities'  dimensions. 
These  measurements  were  desired  in  case  a  relation  based  on  the  cavity  dimensions  was 
observed.  These  measurements  were  one  way  of  ascertaining  the  uniformity  of  the  data 
base.  The  diversion  angle  of  the  output  was  also  necessary  and  this  depends  on  the  width 
of  the  laser  cavity.  A  scanning  electron  microscope  (SEM)  aniJysis  would  be  die  best 
route  for  these  measuremoits  but  an  excessive  amount  of  time  would  be  required  to 
measure  all  packages.  Therefore,  due  to  time  constraints,  SEM  measurements  were 
employed  on  a  fiaction  of  the  packages.  Optical  microscopy  was  employed  to  measure  aD 
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devices  using  an  Campus  microscope,  a  0.01mm  standard,  and  a  scribed  reticule  lens. 
The  resolution  of  such  measurements  was  limited  to  one  micron  and  as  the  width  of  the 
cavities  is  between  2-10  microns  this  introduced  considerable  error. 

To  employ  the  optical  microscope,  aluminum  tubes  were  ^dnicated  to  mount  a 
camera  and  calibration  lens  for  recording  the  measurements.  Four  tubes  were  constructed 
and  Appendix  5  provides  the  engineeting  diagrams.  As  a  flat  black  enamel  would  not 
adhere  to  inside  of  ttie  tubes,  lens  prq)er  was  rolled  iq)  and  inserted  in  the  iimermost  tube. 
As  the  paper  was  a  low-reflectivity  material,  flus  eliminated  the  reflected  Ught  hindering 
observation  of  die  target  by  die  camera. 

The  first  target  photognqihed  by  the  optical  microscope  was  a  calibration  standard. 
The  different  nru^nificatiims  were  identified  by  their  objective  lenses  and  the  photographs 
yielded  these  measurements: 


Objective  lens 

lOX 

SOX 

lOOX 

magnification: 

Distance  between 

14.4:tlpm 

2.9:tl^m 

1.4±lpm 

scribes  of  reticule 

As  the  calibration  may  change  if  the  adapters  are  removed  from  the  microscope,  new 
calibration  photos  woe  taken  isdienever  the  system  had  been  disturbed  between  measuring 
packages. 

Next,  photodiodes  were  assembled  to  measure  the  optical  output  of  lasers.  Six 
FND-100  photocells  were  mounted  and  by  design  produce  a  voltage  between  3-95  vedts 
that  is  directly  proportional  to  die  power  striking  die  cell  As  ImW  will  saturate  diese 
devices,  diey  could  not  be  placed  direedy  in  a  laser's  path  unless  steps  were  taken  to 
attenuate  the  beant  Attanpts  woe  made  to  i^ace  dw  detectors  far  enough  sway  from  the 
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laser  so  as  to  avoid  saturation.  Other  attempts  included  placing  a  paper  taiget  in  die  laser 
path  and  measuring  the  diffuse  reflection  widi  die  FND-100.  These  efforts  induced 
considerable  error  and  thus  their  use  to  determine  die  stability  of  the  lasers'  output  could 
not  be  relied  iqion.  Other  efforts  would  have  involved  focusing  lenses  and  attenuators  but 
diree  Newport  81S  Power  Meters  were  obtained  which  could  read  the  output  directly. 
These  meters  were  calibrated  to  die  Coherent  Fieldmaster  power  meter  each  occasion  that 
diey  were  placed  in  front  of  a  laser.  Repeated  monochromator  measurements  suggested 
that  die  power  meters  be  calibrated  to  read  a  beam  wavelength  of  960nm  at  room 
temperature  and  a  beam  wavelength  of  980nm  at  lOO^C. 

This  section  has  reviewed  the  design,  calibration,  and  points  of  concern  involving 
the  customized  hardware  employed  in  measuring  die  mechanical,  thermal,  and  optical 
characteristics  of  the  lasers  studied.  Appendix  3  provides  a  block  diagram  of  the  setup 
used  to  obtain  die  thermal  and  optical  characteristics.  The  customized  hardware  included  a 
circular  rotating  platform  to  mount  six  hot  plates,  mounts  for  holding  the  TO>S  transistor 
packages,  diermocoiqiles  to  interface  between  the  mounts  and  the  Cole-Parmer  Thermal 
ControDer,  and  aluminum  tubes  for  mounting  a  camera  to  an  optical  microscope.  The 
limited  diermal  stability  of  the  hot  plates  produces  the  largest  margin  of  error  in  the 
measurements  that  were  gathered.  Another  contributor  to  error  in  the  measurements  arises 
from  the  one  micron  resolution  of  die  optical  microscopy  used  to  provide  die  cavity 
dimensions  of  each  laser.  SEM  analysis  was  used  as  much  as  feasible  to  provide  more 
accurate  measurements  of  these  dimensions. 

in. 2.  Device  Manipulation: 

This  section  details  the  tiuuiipulation  of  the  devices  before  subjecting  them  to 
elevated  temperatures.  Topics  entailed  in  diis  section  include  a  cleaving  technique 
introduced  to  provide  consistent  cavity  lengths  throughout  the  data  base.  The  steps  and 
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criteria  employed  to  select  one  of  three  laser  designs  for  detailed  study  are  oudined  next. 
Also  detailed  in  this  section  is  an  attempt  to  bum  out  a  laser  widi  a  high  currmt  density. 

In  an  effort  to  minimize  die  variables  of  die  data  base,  specifically  cavity  length,  a 
technique  was  developed  to  edge  scribe  the  laser  wafer  before  cleaving  into  laser  bars  with 
a  scriber  having  skip-scribing  c^qiability.  The  technique  enqiloyed  by  Wright  Laboratories 
involved  manualty  scribing  the  ec^e  of  die  processed  wafer  before  cleaving.  This  previous 
manual  technique  suffered  poor  device  yields  as  die  cleaves  were  uncontrollable,  often 
shattering  a  large  section  of  the  wafer.  This  technique  also  produced  uiqiredictable  cavity 
lengths  between  300-600)un.  The  technique  developed  in  diis  research  implements  a 
Loomis  MKT-38-LI  scribing  tool  with  edge-scribing  and  skip-scribing  abilities,  improving 
device  yield  to  as  much  as  80%.  Furdiermore,  the  range  of  lengdis  of  die  cavities  was 
narrowed  to  between  393-421pm  for  79%  of  die  devices  where  400^m  was  the  target 
length.  A  step-by-step  summary  of  the  process  is  detailed  in  Appendix  6. 

An  overview  of  die  steps  for  obtaining  die  laser  strips  are  listed  below: 

1 .  Scribe  along  the  ec^  of  the  wafer  chip  at  the  desired  crystal  orientation  and  spatial 

period. 

2.  Mount  wafer  chip  to  a  soft  pliable  metal  strip  widi  wax. 

3.  Gently  flex  the  assembly  paraQel  to  the  scribe  marks.  The  cleaves  can  be  observed 

by  die  reflection  pattern  of  the  wafer  chip. 

4.  E>i88otve  the  wax  to  dismount  die  laser  sti^. 

5.  Clean  and  prepare  laser  str^  for  mounting. 

With  this  technique  providing  a  consistent  cavity  length  for  the  lasers,  the  next  step 
dictating  which  lasers  were  to  be  tested  involved  the  three  designs  that  ELR  had  offered  for 
examination.  The  lab  identified  these  lasers  by  dieir  wafer  numbers,  599,  600,  and  706. 
Wafers  599  and  600  employed  a  design  v^ere  each  p-contact  strip  had  an  n*contact  strip 
on  eidier  side.  All  contact  strqM  were  on  top  of  the  wafer.  Wafer  706  replaced  the  n- 
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contact  strips  by  ttiinning  the  wafer  and  b^ing  a  metal  contact  all  over  the  underside  of  the 
wafer.  If  all  are  operating  criteria  were  identical,  wafer  706  would  be  die  preferred  design 
for  analysis  as  this  was  a  simpler  design  to  fabricate.  Appendix  7  displays  how  all  devices 
were  packaged  and  their  composition. 

The  primary  criterion  for  choosing  die  preferred  design  was  die  yield  of  lasers  per 
packaged  devices.  A  secondary  criterion  was  a  low  threshold  current,  at  least  below 
lOOmA.  A  sample  of  each  wafer  chip  was  cleaved  and  mounted  to  compare  these  criteria. 
The  cleaving  produced  the  same  yield  of  devices  from  each  wafer  and  did  not  influence  the 
following  yields.  Wafer  599  yielded  25  lasers  of  a  possible  27  and  die  lasers  began  lasing 
below  50mA.  Wafer  600  yielded  16  lasers  of  a  possible  30  and  began  lasing  below  90mA. 
Wafer  706  yielded  6  lasers  of  a  possible  54  and  began  lasing  below  140mA.  Thus  wafer 
599  performed  the  best  in  both  criteria  and  served  as  the  data  base.  Wafer  600  could  have 
served  as  a  possible  alternate  but  the  low  yield  of  wafer  706  prohibited  any  feasible 
research  in  die  time  frame  permitted. 

The  wafer  technologies  differed  primarily  in  dieir  geometric  layouts  and  had 
roughly  identical  materials  compositions  between  the  corresponding  layers.  Thus  die 
output  and  current  demands  were  expected  to  be  similar.  No  differences  beyond  one  order 
of  magnitude  were  andcqiated.  During  the  eaiiy  stages  of  dus  research,  only  a  Umited 
number  of  lasers  were  available  and  diese  were  from  die  600  and  706  technologies.  As  the 
706  technology  was  the  first  available,  and  due  to  anticipated  similarides,  die  initial  tests 
providing  roi^  insight  to  performance  were  conducted  on  die  706  technology. 

The  next  tests  were  designed  to  overdrive  and  bum  out  the  facet  of  a  laser.  A 
detailed  progression  of  the  spectral  characteristics  as  a  function  of  current  at  room 
temperature  was  recorded.  Appendix  8  contains  the  spectral  distributions  of  the  minimum 
and  maximum  currents  to  allow  stable  lasing  for  laser  lOB.  For  the  sin^e  laser  tested,  laser 
lOB  taken  fiom  die  706  wafer,  lasing  began  at  61mA  and  lased  at  945nm.  As  the  current 
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increased  the  lasing  wavelength  shifted  almost  continiiously  iq)  to  969nm  at  224mA. 
Lasing  discontinued  at  22SmA.  At  currents  of  200mA  and  above  lasing  occurred  for 
multiple  wavelengdis  and  the  relative  power  distribution  was  continually  changing.  The 
laser  burned  out  at  430mA  but  from  later  SEM  analysis  this  proved  due  to  the  wire  lead  to 
die  laser  having  melted,  forming  an  open  circuit.  The  laser  was  reconnected  and  proved 
still  able  to  lase.  Several  S99  lasers  proved  that  the  output  reached  a  maximum  before  any 
facets  burned  out. 

To  summarize  this  chapter,  topics  discussed  focused  on  die  fabrication,  filtering 
criteria  for  choosing  a  laser  design,  and  the  general  lasing  characteristics  observed  at  room 
temperature.  By  using  an  automated  scriber  with  edge-scribing  and  skip-scribing  abilities, 
laser  cavities  with  lengths  between  388-420  pm  may  be  obtained.  Next,  from  observing  a 
sampling  of  lasers  from  all  designs  submitted,  lasers  packaged  from  wafer  S99 
demonstrated  the  highest  possibility  of  lasing  and  typically  die  lowest  lasing  threshold 
currents.  Finally,  it  was  demonstrated  that  the  laser  will  saturate  before  damaging  the  laser 
cavity  or  facets  if  overdriven  by  high  current  densities. 
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IV.  Mctfaodoiogv 


The  aim  of  this  chapter  is  twofold.  It  develops  die  five  phases  of  analysis  that 
guides  the  research  and  along  die  way  demonstrates  the  three  general  categories  of  data 
obtained.  These  three  categories,  the  characteristic  power  curve,  the  current  necessary  to 
maintain  a  constant  output  as  a  function  of  dme,  and  the  dimensions  of  the  lasing  cavity, 
arc  described  as  die  argument  develops.  After  dm  a  brief  oudine  provides  die  steps 
executed  on  a  typical  laser  device  and  its  control  devices. 

Lasers  were  provided  by  Wright  Laboratory  for  operation  in  hot  (100-200^C) 
environments.  The  lasers  were  provided  on  a  TO-S  package  and  each  package  had  3 
devices  from  a  singile  bar  on  it.  Research  fell  into  five  phases.  The  first  phase  involved  the 
characterization  of  several  lasers  to  determine  a  coarse,  typical  laser  descr^on  before 
devices  were  submitted  to  any  high  stress  operation  conditions.  The  details  of  device 
description  included  the  spectral  distiibuti(Hi,  die  power  output  as  a  fimedon  of  current, 
and  the  physical  dimensions.  Details  are  provided  in  the  chapter  discussing  data. 
Characterization  of  die  lasers  occurred  after  each  phase  for  the  remainder  of  die  study. 

The  second  {diase  involved  pre-aging  the  devices  at  low  stress  environments  in  an  effort  to 
stabilize  and  improve  future  performance.  This  phase  also  served  as  a  filtering  mechanism 
for  removii^  the  portion  of  devices  that  inherently  fafl  at  an  early  stage.  The  research 
goals  pertained  to  die  devices'  behavior  in  the  wear-out  stage  so  this  filtering  is  appropriate. 
The  durd  idiase  sul^ected  IS  lasos  to  operational  temperature  limits  to  determine  die 
maximum  tenqierature  diat  the  lasers  would  operate  at  for  two  hours.  The  fourth  phase 
subjected  die  lasm  to  100^  and  multqile  power  outputs  to  determine  dieir  operation  in 
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various  hig^  stress  environments.  The  final  phase  provided  the  physical  dimensions  and 
observable  damage  via  scanning  electron  microscopy  and  optical  microscopy. 

rV.l.  Initial  Characterization 

The  first  phase  of  this  research  served  to  provide  a  coarse  characterization  of  the 
lasers  provided.  Characterization  produced  the  spectral  and  optical  outi)ut  power  as  a 
fimction  of  continuous  direct  current  operation.  A  side  product  of  this  phase  was  the  yield 
of  the  599,  600,  and  706  wafer  lasers  mentioned  in  the  previous  ch^ter.  This 
characterization  involved  9  packages  fi'om  the  S99  wafer,  10  packages  fi-om  the  600  wafer, 
and  18  packages  fixnn  the  706  wafer. 

The  first  test  assumed  that  the  output  would  center  around  a  wavelength  of  9S0nm 
and  determined  which  devices  could  generate  over  ImW  of  power  at  room  temperature 
driven  by  a  sustained  direct  current.  A  Coherent  Fieldmaster  power  meter  with  a  -SOdB 
attenuator  was  placed  immediately  in  fixmt  of  each  device.  Any  device  that  could  generate 
an  output  over  ImW  on  the  detector  for  a  current  below  200mA  was  considered  a 
fimetioning  laser. 

Next,  a  device  from  each  wafer  that  could  generate  the  power  had  its  output 
directed  to  die  JarreO-Ash  MonoSpec  27  Monochromator.  The  devices  demonstrated  a 
central  wavelength  around  960nm  at  room  temperature  which  served  as  the  reference 
wavelengtfi  for  all  future  room  temperature  characterizations. 

rv.  1. 1.  The  Characteristic  Power  Curve.  The  efforts  in  the  next  tests  provided  a 
coarse  initial  evaluation  of  the  power  ou^ut  as  a  function  of  the  current.  From  here  on 
this  function  will  be  referred  to  as  the  characteristic  power  curve  and  represents  die  first  of 
three  categories  of  data  that  are  collected  dnougfiout  the  research.  This  curve  produces  the 
calculated  threshold  current  and  the  differential  quantum  efficiency,  or  efficiency,  of 
a  laser.  These  parameters  quantify  how  die  operation  of  a  laser  chan^  with  the  stresses 
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induced  by  exposure  to  elevated  temperature  and/or  lasing  for  any  signilicant  fraction  of 
the  device's  operational  lifetime.  Most  of  diese  curves  were  measured  by  the  Coherent 
Fieldmaster  power  meter,  but  when  multiple  lasers  requited  simultaneous  measurements, 
three  Newport  815  power  meters  were  also  employed. 

For  this  stage  four  packages  fr'om  die  600D  series  were  employed.  As  dus  was 
only  a  coarse  characterization  the  devices  from  wafers  600  and  599  were  similar  enou^ 
not  to  warrant  repeating  this  test  for  die  599  series  diat  served  as  die  data  base  for  tugfr 
temperature  tests.  Differences  between  the  5S>9  and  600  technologies  did  not  exceed  one 
order  of  magnitude  in  the  power  output,  slope  efBciency,  or  required  currents.  Also  future 
tests  demonstrated  that  the  characteristic  curve  changes  significant^  in  the  first  two  hours 
of  continuous  wave  operation.  In  consequence,  the  characterizations  obtained  at  dm  point 
only  loosely  resembled  the  typical  characterization  of  a  599  laser  taken  immediately  after 
pre-aging.  This  will  be  discussed  shortly  and  detailed  in  the  data  ch^ter. 

For  the  bulk  of  die  data  base,  four  distinct  stages  of  anatysis  warranted  the 
measurement  of  the  characteristic  curve  .  The  first  stage  occurred  at  room  temperature 
operadonally  immediately  after  pre-aging  the  device.  The  second  stage  occurred  ^en  die 
operational  temperature  initialty  stabilized  at  lOO^C.  The  third  stage  occurred  at  the  end  of 
the  elevated  temperature  period.  The  fourth  stage  occurred  when  the  laser  had  returned  to 
room  temperature.  Occasionally  concerns  warranted  an  additional  intermediate 
characterization  during  the  elevated  temperature  period. 

To  summarize  th  first  phase  of  the  research,  the  first  test  determined  which 
devices  actually  lased.  Next,  several  lasers  were  directed  to  the  monochromator  to  obtain 
the  average  central  wavelengdi  at  room  temperature.  Then  a  characteristic  power  curve  was 
(>buaicd  to  provide  the  guidelines  for  the  expected  threshold  current,  the  initial  slope 
cffkiencv  and  the  typical  output  power  a  device  could  generate  before  saturation.  This 
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chancterizatkm  provided  the  levd  of  cunent  to  drive  die  device  in  a  low  stress  manner 
with  r^ard  to  die  current  and  expected  optical  output 

IV.2.  Pre-Aoing  Lasers 

Moving  on  to  the  second  (diase  of  research,  dw  lasers  were  pre-i^ed  to  avoid  die 
rapidly  changing  lasing  characteristics  inherent  to  a  new  device.  As  suggested  in  previous 
studies,  a  typical  laser  design  may  operate  iqi  to  10,000  hours  at  room  ten^ierature.  Thus 
pre-aging  at  room  tenqierature  and  low  lasing  ou^ut  power  for  24  hours  seemed  unlikety 
to  significantty  influence  the  lifetime  measurements  for  these  devices,  literature  indicates 
this  is  a  common  practice  and  has  been  demonstrated  to  enhance  future  performance. 

From  the  measurements  taken  correlating  die  ou^ut  power  as  a  function  of  constant 
current  and  time,  die  power  tended  to  increase  in  the  first  20  hours.  No  literature  found 
offered  a  mechanism  for  this  iirqirovement  As  the  study  would  focus  on  d^radadon  dus 
initLal  improvement  would  only  delay  die  measurement  of  relevant  data  during  hi^ 
temperature  testing.  Five  lasers  fiem  the  599  wafer  were  set  initially  at  1.5mW  output  and 
after  17  hours  at  a  constant  current  and  room  temperature,  four  lasers  increased  output 
power  at  least  268  %  and  die  fifth  stopped  lasing.  Another  five  lasers  fi’om  the  599  wafer 
were  set  to  1.5mW  and  operated  at  a  constant  current  for  16  hours.  Four  laser  ou^uts 
increased  at  least  200  %  and  again  the  fifdi  stopped  lasing. 

Three  other  general  performance  traits  in  tolerating  the  lasers  were  observed.  First, 
fi’om  die  tests  trying  to  obtain  die  initial  characteristic  power  curve  and  also  frcnn  trying  to 
set  the  pre-aging  power  to  1.5mW,  die  initiai  half  hour  seemed  to  dononstrate  the  most 
dramatic  increase  in  output  power  for  a  given  lasing  current  above  the  lasing  threshtM 
current  This  resuh  suggested  that  pre-aging  was  not  necessary  for  the  duration  used  in 
tests  already  described.  Using  a  maxinnim  rate  of  change  in  output  power  of  O.lmW/hr  to 
define  a  "staUe  laser",  the  average  pie-aging  poiod  lasted  10.7  hours.  Second,  for  a  laso* 
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ttut  had  been  fffe-aged  and  turned  off  for  at  least  an  hour,  die  first  ten  minutes  of 
operation  when  turned  on  again  demonstrated  a  mild  increase  of  typical^  ImW  in  output 
power  for  a  constant  current  above  dueshold  current.  The  third  trait,  observed  in  efforts  to 
overdrive  the  lasers,  was  the  saturation  and  discontinued  lasing  at  hig^  current  densities.  At 
room  temperatures  die  lasers  typically  stopped  lasing  around  230mA.  At  elevated 
temperatures  the  saturation  phenomenon  set  in  at  lower  currents. 

rv.3.  Maximum  Lasing  Temperature 

The  diird  phase  subjected  1 S  lasers  to  operational  temperature  limits  to  determine 
the  maximum  temperature  diat  die  lasers  would  operate  at  for  two  hours.  These  1 S  lasers 
fiwm  die  599  wafer  were  operated  at  125®C  and  100®C.  Only  one  laser  of  die  five  pre¬ 
ssed  lasers  tested,  laser  34B,  would  lase  at  12S^C.  It  generated  7mW  for  no  more  than  five 
minutes  and  then  quit  lasing.  The  temperature  for  all  devices  was  then  reduced  to 
100®C.  At  this  temperature,  8  presaged  lasers  were  tested  of  which  3  lased.  Ako,  3 
un-aged  lasers  were  tested  of  which  1  lased.  Laser  38B,  maintaining  a  3.3mW  output, 
discontinued  lasing  after  29  minutes.  The  un-aged  laser,  laser  37C,  lasing  at  lO.lmW, 
discontinued  lasing  after  100  minutes. 

Two  lasers  were  not  monitored  for  roughly  8  hours  at  lOO^C,  and  this  introduced  a 
large  margin  of  uncertainty.  Laser  34B,  lasing  at  4.SmW,  discontinued  lasing  somev^ere 
between  279  and  1005  minutes.  Note  diat  this  is  the  laser  diat  discontinued  lasing  at 
125^C.  The  final  laser,  laser  38A,  lasing  at  6.6mW,  stabilized  at  94.7^  during  the  8 
hours  of  unmonitored  lasing  and  die  power  dropped  by  32%  to  4.5mW  in  this  time  fiame. 
Upon  resumed  monitoring,  the  device  gradually  required  more  current  for  the  final  3  hours 
of  observation.  A  crude  projected  lifetime  was  calculated  to  be  680  minutes  for  laser  38A 
under  these  continuous  wave  conditions.  The  current,  temperature,  and  power  histories 
are  plotted  for  each  lasing  device  in  Appendix  9. 
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These  tests  demonstrate  diat  at  least  two  distinct  mechamsms  caused  laser  failure. 
Had  an  initial  room  temperature  power  versus  current  characterization  and 
characterizations  at  the  elevated  operating  tenq)erature  been  taken  at  die  start  and  end, 
diese  could  be  compared  to  each  other  and  compared  to  a  fourth  characterization  of  each 
laser  after  it  had  returned  to  room  temperature.  The  change  in  slope  efiSciency  and 
dueshold  current  would  serve  as  indications  of  daiic  area  defect  damage  to  die  cavity  for 
the  device  demonstrating  the  gradual  increase  in  driving  current  needed  to  maintain  a 
constant  output  power.  Unfortunate^,  this  was  not  done  and  this  lesson  learned  provided 
guidance  for  the  later  phases. 

The  second  degradation  mechanism,  si^ested  by  the  sudden  discontinued  ability 
to  lase,  might  suggest  facet  damage.  This  could  be  confirmed  by  measuring  die  lasing 
characteristics  at  room  temperature  and  by  SEM  anafysis.  Again,  power  characterization 
before,  during,  and  after  lasing  at  the  elevated  temperature  might  have  provided  insist. 

IV.4.  Elevated  Temperature  Stresses 

The  fourth  phase  subjected  the  lasers  to  100  and  multiple  power  outputs  to 
determine  their  operation  in  various  high  stress  environments.  The  procedure  for  dus 
exposure  was  executed  according  to  the  following  steps: 

1.  A  characteristic  power  curve  was  obtained  at  room  temperature  widi  the 
Coherent  Fieldmaster  power  meter  for  the  control  and  test  lasers.  Each  laser  lased  for  10  • 
45  minutes  to  permit  stabilization. 

2.  For  diree  of  die  five  hotplate  setui»,  a  Newport  815  power  meter,  calibrated  to 
die  l^}propriate  constant  power  level  to  be  examined  and  for  a  wavelength  responsivity  of 
X=980nni,  was  positioned  in  fi’ont  of  die  laser.  These  meters  were  not  moved  again  until 
the  elevated  exposure  was  over.  Calibration  occurred  at  room  temperature  and  the 
Newport  8 1 5  was  adjusted  to  the  Coherent  to  read  the  identical  maximum  reading  for  the 
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identical  current  The  calibration  wavelength  for  100^,  980nni,  was  determined  by 
directing  two  lasers  from  the  first  test  run  to  die  monochromator. 

3.  Current  source  was  dtsenga^. 

4.  Hot  plate  was  elevated  to  lOO^C  and  allowed  to  stabilize.  Typical^  4S-120 
minutes  were  necessary. 

5.  A  characteristic  power  curve  was  obtained  at  lOO^^C.  A  10  minute  stabilization 
period  was  again  observed  before  taking  measurements. 

6.  If  special  concerns  dictated,  a  characteristic  power  curve  would  be  obtained  in 
the  middle  of  die  elevated  eT^iosuie  period.  The  control  laser  was  permitted  the  10  minute 
stabilization  period. 

7.  When  the  elevated  operation  was  deemed  complete,  another  characteristic 
power  curve  was  obtained.  The  control  laser  was  permitted  die  10  minute  stabilization 
period. 

8.  Upon  returning  to  room  temperature,  typical]^  8-12  hours  later,  a  final 
characteristic  power  curve  was  recorded  by  die  Coherent  Fieldmaster  power  meter.  A  10- 
45  minute  stabilization  period  was  observed  for  all  lasers. 

IV.4.1.  Current  vs.  Operation  Time.  The  actual  length  of  the  elevated  tenqierature  period 
was  typical^  determined  by  die  second  category  of  measurements,  the  current  necessary  to 
maintain  a  fixed  power  output  as  a  function  of  laser  operation  time.  Laser  literature, 
Fukuda  [2],  establishes  two  standard  means  for  determining  vdien  a  device  has  faded. 

First,  vdien  die  device  can  no  longer  lase  for  any  given  current  This  can  be  observed 
when  a  previous^  lasing  device  suddenly  sharply  drops  in  output  power  and  will  no  longer 
disiday  two  regions  widi  distinct  slope  efficiencies.  The  second  standard  for  fadure 
describes  the  device  as  faded  when  1 .5  times  the  current  initially  required  to  produce  die 
denied  output  power  is  necessary  to  generate  the  same  power.  As  a  consequence  of  this 
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second  standard,  devices  lased  at  100^  continuously  at  S,  7,  or  lOmW  and  the  current 
was  monitored  and  regulaify  recorded  as  a  function  of  the  operation  time  of  the  device. 

Generally  two  scenarios  dictated  die  lengdi  of  the  laser's  exposure  to  elevated 
temperatures.  First,  if  the  device  operating  tfarou^out  the  exposure  failed  as  per  either  of 
the  standards  above,  then  die  exposure  period  had  effective^  been  completed.  Second,  if 
a  constant  rate  of  current  increase  had  been  measured  for  at  least  diree  houni  and  the  laser 
had  operated  for  at  least  eig^t  hours  total,  then  a  time  to  failure  could  be  lineaily 
extrapolated  and  the  eiqxisure  period  could  be  terminated. 

IV.5.  Cavity  Dimensions 

The  final  phase  of  research  obtained  all  structural  aspects  of  the  device  structures. 
This  was  necessary  in  case  a  relation  could  be  made  between  performance  and  die  cavity 
dimensions.  Divergence  angles  also  depended  on  device  geometry,  thus  dictating  a  need 
for  this  phase.  This  introduces  the  diird  category  of  data  gathered,  the  dimensions  of  the 
laser  cavity.  Two  means  were  employed  to  obtain  these  dimensions,  scanning  electron 
microscopy  (SEM),  and  optical  microscopy. 

Beginning  with  the  traits  of  die  SEM  analysis,  it  could  provide  a  resolution  of 
lOnm  whereas  the  optical  microscopy  only  produced  1  ^m  at  best.  The  SEM  process  also 
e;qx>sed  a  coarse  profile  of  the  quantum  well,  crysUd  defects  near  die  surface,  and  various 
types  of  structural  damage  induced  during  fabrication  or  mounting  of  the  devices.  Finally, 
this  process  would  have  e^qxiscd  any  dari  line  defects  duit  reached  the  facets  and  any 
catastrophic  optical  damage  to  facets.  The  drawbacks  to  this  avenue  were  that  this  process 
tyfncally  demanded  an  hour  for  each  TOS  package,  professional  assistance  had  to  be 
scheduled,  and  reservations  for  use  of  die  system  had  to  be  made  at  least  a  week  ahead  of 
time. 
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As  die  only  viable  altemalive,  optical  microscopy  was  employed  to  get  die  roi^ 
dimensions  of  all  the  cavities  and  SEM  analysis  was  performed  on  a  sample  portion  of  the 
devices.  The  next  chjq)ter  demonstrates  any  possible  influence  of  die  cavities'  dimensions 
on  the  degradation  characteristics. 

IV.6.  Testing  Sequence 

This  section  outlined  the  steps  performed  on  the  bulk  of  devices  analyzed.  As  die 
first  and  third  stages  of  research  were  aimed  at  providing  rou^  insight  to  expected 
performance  diey  were  not  executed  on  die  majority  of  the  test  base.  Thus  the  test  base  of 
56  lasers  distributed  over  30  packages  underwent  pre-aging,  the  elevated  temperature 
exposure  procedure,  and  optical  analysis  for  obtaining  the  cavity  dimensions. 

IV.7.  Chapter  Summary 

In  summaiy,  dns  chi^ter  developed  the  five  stages  of  research  employed  to  model 
the  hi^  temperature  affects  on  laser  operation.  As  a  result  of  dns  woik,  three  general 
categories  of  data  were  obtained.  The  first  involved  recording  the  optical  power  output  as 
a  function  of  current  for  a  given  ambient  temperature  and  point  in  the  operational  lifetime 
of  the  laser.  The  second  form  of  data  mapped  the  current  required  to  generate  a  fixed 
power  output  over  an  extended  period  of  time  at  100^.  The  third  type  of  data  was  the 
dimensions  of  each  lasing  cavity.  After  describing  the  reasoning  and  procedure  to  each 
stage  of  research,  a  brief  outline  of  the  testing  cycle  executed  on  the  bulk  of  die  test  base 
was  provided.  The  trends  and  discussion  of  the  resulting  data  are  addressed  in  dK  next 
chapter. 
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V  Data  Analvgis 


This  cluq)ter  presents  and  develops  the  data  obtained  via  die  methods  oudined  in 
the  last  chapter.  Two  factors,  one,  die  characteristic  power  curve,  and  two,  the  current 
demanded  as  a  function  of  time  to  produce  a  constant  output  power,  provide  the 
cornerstones  for  most  of  the  data  development  For  dus  reason  a  sample  of  each  factor  is 
detailed  for  a  single  laser.  Next,  the  theory  and  development  of  the  operational  lifetime 
function  is  presented,  hi  dus  development  four  categories  of  laser  performance  will  be 
established  based  on  the  observed  and  calculated  lifetimes.  After  devdoping  various 
degradadtm  mechanisms'  influences  on  the  lifetime,  a  summary  of  the  characterizations 
obtained  is  given  based  on  the  various  operator  conditions.  The  final  topic  addressed  will 
be  die  unpredicted  trend  of  improved  laser  performance  at  initial  exposure  to  100^. 
Mechanisins  are  proposed  to  explain  this  trend.  The  efiforls  taken  to  rule  out  or  confirm 
diese  mechanisnis  are  abo  presented. 

V.l.  The  Characteristic  Power  Curve 

This  section  provideB  die  dieoretkal  and  expoimental  justification  for  the 
characteristic  powOT  curve  repeatedly  enemmtered  throughout  dus  document  First  the 
dieoiy  is  presented  leading  to  the  traits  of  this  function.  Next,  an  aigianait  is  made  to 
justify  die  power  measuremaiti  obtained.  Thk  requires  ctdculating  the  divefgence  angles 
for  die  lasers.  Having  justified  the  theoiy  and  measurements  for  the  curve,  a  detailed 
explanation  of  the  calculations  made  on  a  single  laser's  measurements  is  conducted. 

V  l.l  Osin,  Threshold  CurienL  md  hffimWY  The  detailed 

theoretical  devslofiment  of  laser  chsraclerislics  fofawing  shal  provide  insight  as  to  how 
dsrk  ana  defects  and  facet  erosion  play  into  the  lasers' degradabon.  Fundamental  laser 
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theory  defines  die  threshold  gain  coefQcient  as  diat  gain  r^ch  occurs  when  the  light  wave 
makes  a  conqplete  traversal  of  die  cavity  without  any  net  attenuation  (1:48).  The  gain 
originates  fixmi  an  injection  excitation  and  the  loss  arises  fiom  the  absorption  loss  in  die 
active  layer  and  the  mirror  loss  at  each  facet.  Mathematically,  these  effects  are  collected  as 
the  threshold  condition: 

-«,))  =  !  (5.1) 

Rj=R2=R  the  facet  reflection  coefficients 
L  the  lengdi  of  the  cavity 
gtji  the  threshold  gain  coefficient 
a  the  absorption  loss  coefficient 
Rearrai^ing  to  isolate  the  gain  coefficient  obtains 

*.  =  a+i|ni  (5.2) 

The  miiTor  loss  depends  on  the  refractive  index  difference  between  the  laser  material  and 
the  surrounding  medium  (air)  as  : 

(!  =  [(n,-l)/(n,  +  l)]’  (5.3) 

Where  is  the  refi^active  index  of  die  laser  material.  Fukuda  cites  typical  values  for  a 
InAlGaAs/GaAs  lasers  as(l:49): 

n,  =  3.5 
R  =  0.30 

a  =  10-20  cm"* 

The  gain  coefficient,  as  a  spectral  function,  changes  widi  the  driving  current 
density,  while  the  absorption  coefficient  remains  fairly  constant.  The  gain  peak  gradually 
shifls  to  higher  enetgies  as  band  filling  occurs  with  higher  currents.  These  relations  are 
portrayed  in  the  figure  below. 
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Fig.  1  (1:49)  Change  in  gain  spectra  as  a  iimction  of  carrier  injection. 

The  maximiim  gain  coefBdent  can  be  approxunated  as  a  function  of  current  density  by: 

(S*) 

where  d,  tbe  active  layer  thickness,  is  in  microns,  J,  die  current  density,  is  deJSned  for  a 
thickness  of  1  micron,  m  is  a  vahie  between  1-2,  and  p  is  a  constant  (1:49),  (Fig.  1). 
Finally,  is  the  current  density  over  a  1  micron  duckness  required  to  obtain  a  gain.  The 
threshold  gain  coefiBcient  occurs  at  die  peak  gain  undo*  threshold  currmt  density. 

A  more  accurate  model  accounts  for  die  fact  diat  not  all  of  1i£^  is  contained  in  die 
active  layer.  Defining  F  as  die  ratio  of  in  the  acdve  layer  to  the  total  light,  the  gain 

coefiBcient  must  be  corrected  as  only  die  in  die  active  layer  is  related  to  the  gain.  The 
new  model  gives: 

The  thresludd  currait  density  can  be  obtained  from  the  last  two  equations  to  gain: 

(5.«) 
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Fukuda  again  cites  typical  parameters  for  the  AlGaAs/GaAs  laser  as  fcAows  (1:50): 

0.02 

r«o.2 

aalO-20  cm"^ 
m  =  \ 

Jg  «  4000A/cm2  pm 

The  tfireshold  current  then  can  be  obtained  by  multiplying  the  direshold  current  density  by 
die  cavity  length  and  width  of  the  active  light  emitting  region,  or  for  this  study,  die  width  of 
the  p-side  ohmic  contact  The  threshold  current  will  increase  as  degradadcm  occurs,  hi 
dus  model  the  absorption  and  facet  reflection  coefBdents  change  to  account  for  die 
increased  direshold  current  as  die  facets  and  active  region  develop  crystal  defects  that 
absorb  more  energy. 

An  rqiproximation  for  direshold  current  can  be  obtained  from  measurements  of  the 
output  power  as  a  function  of  driving  current  At  low  currents  diere  is  spontaneous 
emission  to  produce  photo-himinescence  and  the  gain  increases  with  current.  At  direshold 
current,  the  li^t  wave  makes  a  complete  travnsal  of  the  cavity  without  attenuation  and  this 
win  begin  the  lasing  process,  the  generation  of  a  continued  coherent  light  wave.  With 
coherent  light  die  power  of  the  electrons  add  otity  in  a  constructive  maimer  and  the  gain, 
not  to  be  confused  with  the  gain  coefiBcient  win  iiKrease  at  a  markedly  higher  rate  with 
continued  increase  of  current  (19:272). 

For  semiconductor  lasers,  the  gain,  and  hence  power,  increases  lineaily  widi 
increased  current  until  saturation  effects,  involving  the  finite  number  of  availaUe  carriers 
for  triggered  tranr^ons,  set  in.  This  linear  relation  can  be  extrapolated  down  to  the 
inlo'cept  of  zero  optical  power.  The  value  of  current  at  this  extrapolated  point  serves  as  an 
approximated  threshold  current,  7^,.  The  rdadon  can  be  summed  up  as: 
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Thus  by  measunng  the  spectral  optical  power  against  a  measured  driving  ciurent  this 
relation  can  be  demonstrated  and  an  estimate  for  die  threshold  current  obtained.  This  is 
die  characteristic  power  curve  already  introduced  and  ^luch  served  as  the  cornerstone  for 
much  of  die  development  to  follow. 

Another  parameter  used  to  characterize  a  laser  that  inherently  results  from  diese 
measurement  is  die  slope  efhciency,  ti^=  AP/A/.  This  could  be  used  as  an  ahemate  means 
to  measure  device  degradation  as  this  parameter  drops  with  degradation. 

A  theoretical  value  corresponding  to  die  slope  efficiency  is  the  external  differential 
quantum  efficiency,  (1:52).  This  value  expresses  the  ratio  of  the  photons  emitted  to  the 
carriers  injected  by  current  The  emitted  light  results  from  a  hmcdon  of  the  gain  and  loss 
in  the  system  as  follows: 

V,  =  <7,(2AP/Av)/(a//?)  (5,8) 

=  Ti, [mirror  loss/(intenial  loss  +  mirror  loss)] 

»  7,{(l/L)ln(l/P)/[a+(l/L)ln(l//?)]} 

Here  q,  is  die  internal  differential  quantum  efficiency  and  indicates  the  ratio  of  photons 
generated  in  the  active  layer  to  the  carriers  injected.  This  value  typically  ranges  between 
60-90%  and  will  drop  widi  degradation.  Thus  diree  factors  contribute  to  reduction  of  the 
external  quantum  efficiency  during  operation,  the  reduction  of  the  increase  in  mirror 
loss  at  the  facets,  and  die  increase  of  internal  loss  due  to  dailc  area  defects.  To  relate  this  to 
measurable  values,  the  slope  efficiency  and  external  differential  quantum  efficiency  are 
related  as 

7,  -  l/2(Av/q)r7^  (5.9) 

V.1.2.  FqwCT  Measurement  Justification.  Having  demonstratod  the  need  for 
power  measurements  as  a  function  of  current,  the  next  step  demands  demonstrating  that 


die  power  measurements  obtained  actually  reflected  die  output  of  lasers  analyzed.  This 
development  depends  on  the  location  of  the  power  detector  and  the  divergence  of  the 
lasers.  Thus  a  development  of  the  divei^ence  an^es  shall  be  provided  and  related  to  die 
measurement  set  iqi  employed  throughout  testing. 

Most  optical  beams  propagate  in  free  space  as  almost  pure  transverse 
electromagnetic  waves.  Verdeyan  (20:62)  begins  widi  die  divergence  equation  of  an 
electric  field  in  fi%e  space,  V  •  £*  =  0,  and  develops  die  mathematical  description  of  the 
fundamental  transverse  electric  field.  The  observed  spatial  patterns  depend  on  the  intensity 
of  die  optical  beam  and  thus  on  the  square  of  the  amplitude  factor  of  the  electric  field, 

r  ^  "1  r  ^  ~ 

I(x,y,2)cc\E{x,y,2)f  =  -2-^—  oc/^ exp  -2-4—  (5.10) 

w(z)  L  w  (z)J  |_  w  (z) 

For  this  equation,  'z'  is  the  distance  along  the  axis  of  propagation,  V'  is  the  radial  distance 
from  the  axis  of  propagation,  and  'w',  the  spot  size,  is  the  radial  distance  at  which  point  the 
electric  field  is  1/e  of  the  electric  field  at  the  optic  axis.  Equivalently,  V'  is  the  point  at 
which  the  amplitude  of  the  intensity  is  1/e^  of  the  intensity  at  the  optic  axis.  The  minimum 
'w'  is  known  as  'Wg',  the  waist  of  the  beam,  and  also  serves  as  the  reference  point  for  z  =  0. 

In  Verdeyan's  development  of  the  beam,  he  demonstrates  how  the  spot  size 
depends  on  the  distance  of  propagation  and  the  waist: 


yv^(z)  =  Wo 


(5.11) 


Here  'A.g'  is  the  (central)  wavelength  and  'n'is  the  index  of  refraction  for  die  uniform 
medium  that  the  wave  propagates  throi^.  By  definition  the  far  field  of  a  coherent  beam 
occurs  where  the  second  argument  in  brackets  is  much  greater  than  one.  In  this  area  the 
spot  size  relation  simplifies;  w(  r )  z  Wg .  For  the  measurements  taken  in  these  studies 


the  waist,  and  hence  z  =  0,  is  assumed  to  occur  virtual^  at  the  front  edge  of  the  device  and 
all  measurements  are  made  in  the  far  field  of  die  opdc  beam. 

The  half-width  diveigence  angle,  6,  is  defined  as  the  angle  subtmded  by  r  =  w(z) 
and  z  in  die  far  field.  In  other  words,  for  the  far  field,  the  half-width  divergoice  angje  is: 


6=  aictan 


(5.12) 


Fig.  2  (hsph^  this  definition. 
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Fig.  2  (20:70)  Spreading  of  a  TEM  mode. 


The  half-widdi  diveigeiice  angle  defines  the  area  in  a  givcD  reference  plane  that  wil 
contain  95%  of  die  power  generated  be  the  laser.  Tin  can  be  calculated  by  iniriraiBt  the 
intenaity  acron  the  spot  size  of  a  reference  plane  and  dividing  by  the  ntcfralBd 
over  die  entire  refnence  {dane. 


This  discussion  has  tacidy  assumed  that  die  laser  cavity  «  .:ybminbai  md 
and  spot  size  are  circular.  Semicooductor  laMrs,  unless  careful  and  coiniilet  tab 
steps  are  added,  have  laser  cavitiBs  with  rectangular  cross  sectiom  »  Ok  mm 
here.  In  consequence,  the  output  beam  ia  dipcic  Fig  3  pitmavn  a  inb  ntn 


semicondiictor  laser.  An  elhplicai  divergence  means  that  therr  arr  r«n  «  aNss* 
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be  detemnned  To  obtam  these  angjles,  treat  die  nuoimum  and  ndniiniim  observed  axes  as 
independent  scenarios  and  enq)loy  die  above  equations.  As  mentioned  previous^,  the 
waist  is  assumed  to  occur  at  die  front  edge  of  die  device.  The  waist  of  die  minimal^ 
diveigent  orientation  iqiproximately  equals  the  width  of  die  active  cavity  and  die  waist  of 
die  maximally  divergent  orientation  rqiproximately  equals  the  duckness  of  the  cavity. 


Fig.  3  (20:362)  A  generic  e<%e  emitting  semiconductor  laser 

The  lawng  cavity  dimensions  will  be  based  on  die  active  layer  duckness  and  the 
width  of  die  p-contact  of  the  design.  As  previousty  mendoned,  not  all  die  l^t  is  contained 
in  the  active  layCT  of  a  senuconductor  laser  and  the  contaimnent  ffKtor  must  be 
mcorporated.  Assume  that  the  contairmient  factor  is  reflected  entirely  in  the  duckness  of 
the  active  layer.  Hence  the  effective  thickness  of  die  cavity  is  die  active  layer  divided  by 
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die  containment  factor.  It  is  acknowledged  that  current  sineading  occurred,  but  as  tfus 
could  not  be  quantified,  die  width  of  the  cavity  shall  be  taken  to  be  the  widdi  of  die 
p>contact  for  a  consistent  reference. 

As  the  interest  is  in  the  limit  on  power  measurement  accuracy,  only  die  maximum 
divergence  ang^e  to  be  encountered  is  of  immediate  concern.  The  equation  for  die  far 
field  half  width  divergence  an^e  is  obtained  fi-om  equation  (5. 1 1), 


6 


(5.12) 


The  onfy  new  variable,  'ci,  represents  the  cavity  thickness. 

Implementing  this  equation  on  the  testing  conducted,  die  worst  case  variables  are 
observed  as: 


ct  ~  200  Angstroms 

Xfj  =  980  nanometers,  the  longest  wavelength  observed. 

Other  relevant  variables  are: 

n  =  1.0  die  refiactive  index  of  air,  the  medium  of  propagation, 
r  =  0.2  the  typical  confinement  factor  of  a  InGaAs  laser  structure. 

These  values  produce  a  half  width  divergence  ang^e  of  6  =  72^.  Thus  the  maximum  radius 
of  die  elliptic  power  envelope,  rj„gxi  taken  at  0.5  cm  fixnn  the  leading  edge  of  the  laser, 
becomes: 

r^ax  ^  z*tan(0)  =  0.5  cm  •  tan(72®)  =  1.6  cm  (5.13) 


This  value  is  snudler  than  the  r .  dius  of  the  detectors  eirqilqyed  and  thus  die  meter  readings 
are  valid. 
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V.1.3.  Sample  Cliaracteristic  Power  Curve.  This  section  nnui  a  typical 

calculation  of  the  characteristic  power  curve.  Such  calculations  were  conducted  any  time  a 
significant  change  in  the  performance  of  a  laser  was  suspected.  This  exanqile  iised  laser 
66B  immediately  after  it  had  completed  the  pre-aging  stage.  Measurements  were  taken  at 
room  temperature,  24.SOC,  and  die  power  meter  was  calibrated  to  A,  =  960nm.  Appendix 
10  provides  the  corresponding  calculations. 

First,  the  measured  powers  and  corresponding  currents  were  distinguished  by 
prefixes  sighting  die  conditions  of  operation.  For  diis  case,  the  label  was  IR66B,  to  sight 
dus  as  the  initial  room  temperature  characterization.  The  two  letter  prefixes  variables  are 
below; 

Variables  Conditions 

I,S,F  Initial,  Secondary  (intermediate).  Final 

E,R  Elevated  temperature.  Room  temperature 

From  the  array  of  powers  and  current,  a  least  mean  squared  linear  fit  to  all  powers 
above  ImW  was  generated  to  determine  the  slope  and  threshold  current  These  functions 
were  termed  "sip",  and  "Iq"  respectively.  The  two  functions  generated  the  linear  power 
curve  as  (x  is  the  current): 

rlin(x)  =  sh)  *  (x  -  Iq)  (5. 14) 

Bevington's  technique  was  incorporated  to  determine  die  margin  of  error  in  die  slope  and 
the  dueshold  current  (22).  The  5%  absolute  accuracy  of  the  Coherent  Fieldmaster  power 
meter  and  a  1%  absolute  accuracy  for  die  current  meters  were  employed  in  diis  error 
anafysis. 

V.I.4.  Characteristic  Power  Curve  Summary.  This  section  presented  the  tiieory 
and  measurements  used  to  develop  a  linear  function  of  the  power  output  as  a  fimetion  of 
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drive  current.  In  this  justification,  the  ttieoretical  model  for  the  slope  efficiency  and 
threshold  currents  were  outlined.  Also,  to  determine  diat  power  measurements  accurately 
obtained  all  output,  the  divergence  angle  for  a  laser  cavity  was  developed  and  iqipHed  to  the 
measurement  setup  used  for  analysis.  Finally,  an  exan4>le  of  the  typical  calculations  made 
to  characterize  a  laser  was  provided. 

V.2.  The  Operational  T  Jfetitne  of  a  Laser 

Chapter  I  defined  die  failure  of  a  device  to  be  either  die  point  at  i^ch,  for  the 
given  set  of  operation  conditions,  l.S  times  the  current  required  initially  was  necessary  to 
maintain  a  constant  power  output,  or  die  laser  quit  lasing  entirely.  The  time  between  initial 
operation  and  the  point  of  failure  was  termed  the  lifetime  of  die  device.  Further 
development  demonstrated  that  the  lifetime  depended  on  power  outyut  exponentially,  or  as 
an  equation: 


(1.2) 

This  calculation  dictated  the  current  measurement  of  multiple  devices  operated  at  S,  7,  and 
lOmW  at  lOO^C  until  the  device  failed  or  a  linear  extrapolation  for  the  lifetime  could  be 
determined  fi-om  the  measurements. 

V.2.1.  Extrapolated  T  jfetitne.  Several  devices  did  not  fail  in  the  time  exposed  to 
lOO^C  and  as  a  resuh  their  lifetime  had  to  be  lineaily  extrapolated  fixmi  the  measurements 
available.  This  subsection  demonstrates  the  curve  fitting  employed  on  one  such  device, 
laser  54C.  Appendix  11  provides  a  conqilete  sanq>le  of  the  implementation  on  laser  S4C. 

The  data  array  for  this  line  fit  came  fi-om  the  currents  measured  and  their 
corresponding  time  of  measurements.  The  data  array  label,  RS4CS,  indicated  that  the  laser 
operated  on  mount  R  at  5m W.  Typically  a  second  array,  R54C5a,  was  entered  to 
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conveniently  observe  all  data  at  once.  As  die  standard  of  failure  is  proportional  to  the 
initial  current,  all  current  measurements  were  normalized  to  the  mmimum  observed 
current  Using  the  sample,  row  1  of  R54C5  became  cR54C5.  The  minimum  current  was 
employed  as  lifetime  measurements  indicate  the  effects  of  degradation  and  quite  regularly 
die  lasers  improved  initially.  This  initial  improvement  indicates  that  pre-aging  at  room 
temperature  proved  insufficient  for  stabilizing  die  operation  at  lOO^C. 

The  next  manipulation  converted  die  time  of  measurement  to  the  elapsed  operation 
time  measured  in  minutes.  Using  the  sample,  row  2  of  RS4CS  became  tRS4CS.  With  the 
normalized  current  and  the  elapsed  time,  using  generalized  array  arguments  and  "r", 
Mathcad  generated  the  least  mean  squared  linear  fit  and  generated  the  slope,  sip,  and 
vertical  intercept,  Cg.  The  intercept  should  approach  1 .0  due  to  the  normalizing  of 
currents  and  the  fact  that  the  minimum  current  should  have  occurred  at  or  near  the 
begnming  of  operation.  The  intercept  for  laser  54C  was  Cg  =  0.998,  demonstrating  the 
high  agreement  These  two  component  generated  the  linear  model  to  interpolate  the  time 
of  failure: 

rlin5(c70  =  s^  *  o/  +  Cg  (5.21) 

Here  "ot"  stands  for  operation  time.  The  standard  deviation  for  ”ot"  arose  fi-om  dividing 
die  standard  deviation  between  the  measured  data  points  and  die  linear  regression  by  die 
slope  of  the  linear  regression.  This  term  was  labeled  ”st".  The  lifetime  then  was  calculated 
as  that  time  generating  a  normalized  current  equal  to  l.S.  The  lifetime  calculated  for  laser 
54C  and  ''sf  are  below: 

lifetime  ±  Ast  =  33(X)  +  A  32  minutes 

V.2.2.  Categories  of  Operation.  Having  described  die  conditions  for  failure,  the 
aruilysis  produced  four  categories  of  device  operation.  The  first  cat^oiy  contained  diose 
devices  that  lased  dirou^out  their  heated  exposure  and  demanded  more  current  at  a  steady 
rate  over  the  time  exposed.  In  the  data  table  provided.  Appendix  12,  these  devices  are 
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identified  by  a  "C"  after  their  estimated  lifetime,  implying  a  calculated  lifetime.  Three 
other  devices,  49 A,  63B,  and  70  A,  also  fell  into  diis  category  as  they  required  increasing 
current  at  a  steady  rate  and  actually  required  l.S  times  dieir  initial  current  before  the 
elevated  exposure  ended.  The  second  category  contained  ttiose  devices  that  lased  initially 
in  their  e?q)osure  but  failed  during  die  period  and  were  unable  to  generate  the  set  power 
ouqiut  at  any  current  Excluding  die  three  devices  in  the  first  category,  these  devices  are 
identified  by  an  "F"  appended  to  dieir  lifetimes.  The  third  category  contains  those  devices 
that  never  lased  at  their  elevated  tenqieratures.  These  devices  are  identified  by  "NL"  in  the 
power  column  and  "LUM"  in  columns  dedicated  to  threshold  currents  in  the  elevated 
characterizations.  The  fourth  category  contains  those  devices  that  could  have  lased  at  high 
temperature  but  served  as  control  devices  instead.  These  device  are  identified  by  "NL"  in 
the  power  column  and  have  parameters  in  the  threshold  current  columns  for  elevated 
characterizations. 

V.2.3.  Calculated  Lifetime  Function.  Now  that  all  the  variables  have  been 
developed,  the  calculation  for  the  lifetime  as  a  fimction  of  power  output  can  be  derived. 
This  function  inherently  depends  on  the  steady  degradation  of  die  lasers  and  dius  primarily 
on  only  one  criteria  of  failure,  the  need  for  1  .S  times  die  initial  current  to  maintain  constant 
output  In  consequence,  the  lasers  that  never  lased  at  elevated  temperature  and  those 
devices  diat  suddenly  quit  lasing  were  not  incorporated  into  the  calculations.  Thus  die 
lasers  diat  fell  into  the  first  category  were  used  for  calculations.  Appendix  12  provides  the 
data  base  for  all  four  categories  of  data  and  dius  for  the  lifetime  equation  as  well. 

Whh  these  guidelines,  9  valid  data  points  were  available  fitmi  lasers  operating  at 
5m  W,  6  data  points  fixim  lasers  operating  at  7m  W,  and  one  data  point  from  the  lasers 
operating  at  10m W.  The  lOmW  data  point  was  not  incorporated  as  it  was  felt  that  more 
data  points  were  required  to  include  lOmW  into  the  calculation  and  the  single  data  point 
would  not  fit  the  curve  generated  by  the  rest  of  the  data.  Appendix  13  demonstrates  die 
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matti  enqrioyed  to  darh«  ttie  typical  lifetime  for  ope^^  The  final  equation 

produced  was 

lifetime (P)  =  1.911*10'' P  (minutes)  (5.22) 

V.3.  Mechanisms  Governing  Degradation 

As  previousty  described,  the  anatysis  generated  four  cat^ories  of  lasers  baaed  on 
dieir  operation  at  KX)*^.  Research  produced  fiiree  primary  mechaniams  that  would 
govern  dre  operation  and  d^radation  of  lasers.  These  mechanisms  were  contact 
degradation,  typified  by  metallic  diffusion  or  short  or  open  circuits  that  ended  operation  of 
die  device  under  any  future  operating  conditions,  facet  degradation,  or  catastrophic  optical 
damage,  udiich  entailed  burning  out  die  facets  and  shattering  die  local  crystal  structure,  and 
dark  defects,  due  to  crystal  inqierfections  existing  or  developing  in  the  active  region. 
Generally  high  temperature  operation  demands  higher  crystal  standards  than  those  of  room 
temperature  operation.  Thus,  another  plausible  cause  for  some  of  the  data  base  not  to 
operate  at  lOO^C  could  be  that  these  device  fell  in  the  margin  between  mmimum  standards 
of  room  temperature  and  elevated  temperature  operation.  These  four  scenarios  shall  be 
considered  along  with  the  measures  taken  to  eliminate  or  confirm  their  influence. 

V.3.1.  Contact  Degradation.  This  mechanism,  excluding  metallic  diffusion,  was 
die  simplest  to  confirm.  None  of  the  devices  submitted  to  100^  exhibited  a  sudden  short 
or  open  circuit  during  operation.  For  those  devices  drat  did  fail,  typically  the  failed  device 
luminesced  and  all  lased  upon  returning  to  room  temperature.  The  two  devices  that  did  not 
lase  at  room  temperature  after  exposure  to  elevated  temperature  never  lased  at  elevated 
temperature  and  hence  the  combined  effect  of  current  and  high  temperature  was  not 
responsible  for  dieir  damage.  Combined  current  and  high  temperature  were  die  only 
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conditioiis  that  could  cause  metallic  displacement  below  the  mehmg  points  typical  of  the 
alloys  used  in  die  contacts. 

Metallic  difiusion  of  the  contacts  still  represented  a  possible  contributing 
mechanism  for  degradation  of  the  lasers.  Research  implied  the  operating  conditions 
employed  were  well  below  those  typical  of  dus  mechanism.  Fukuda  cites  studies  observing 
electromigradon  of  Au  films  operating  at  5-20*10^  A/cm^,  200-300()C,  for  10-1000  hours 
(1: 142).  The  lasers  in  this  stucty  generally  operated  at  5-8*103  A/cm^,  100®C,  for  4-12 
hours.  Sanqiles  have  been  submitted  for  future  Auger  analysis  but  the  general  inqiression 
is  that  metallic  difiusion  and  contact  degradation  as  a  i^ole  were  not  influential 
contributors  to  the  degradation  of  diese  devices. 

V.3.2.  Facet  Degradation.  Facet  degradation  provided  the  next  plausible 
mechanism  of  degradation.  Signs  of  diis  mechanism  would  be  either  pitted  facets  or  in  an 
extreme  case,  the  destruction  of  the  crystal  in  die  facet  region.  SEM  analysis  was  used  to 
gain  evidence  of  either  results.  Laser  49 A,  a  device  that  failed  after  600  minutes  was 
observed  and  neither  facet  displayed  any  dam^e,  Fig.  4. 

The  facets  of  lasers  34B,  34C,  38B,  and  SSA  were  also  observed.  Lasers  34B, 
34C,  and  38B  were  operated  in  the  trial  run  of  elevated  temperature  and  were  not  observed 
for  8  hours.  Also,  variables  were  induced  as  th^  devices  were  never  characterized 
beyond  the  knowledge  that  diey  lased  at  the  beginning  of  elevated  exposure.  In 
consequence,  these  were  not  incorporated  into  the  general  data  base.  Laser  34B  lased  at 
least  280  minutes  and  laser  34C  was  a  control  laser.  Laser  38B  failed  within  2S  minutes  of 
operation  and  was  die  only  device  of  the  three  observed  to  have  possibly  suffered  facet 
damage  from  operation.  Fig.  5. 
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Fig.  5  Inner  Facet  of  38B,  displaying  possible  facet  ciystal  damage. 

The  facets'  influence  on  performance  was  confirmed  in  tests  designed  to  remove 
oxide  from  the  surface  layer  of  the  facets.  Laser  SSA  was  submitted  to  a  15  second  rinse 
in  10:1  HF  acid.  This  rinse  is  known  to  have  damaged  the  facets  as  the  laser  performed 
less  efificiendy  after  the  linse. 

The  overall  impression  implies  that  facet  damage  might  have  significantly 
contributed  to  the  failure  of  the  7  devices  with  lifetimes  shorter  than  laser  34B  but  the  best 
means  to  demonstrate  this  would  demand  further  S£M  analysis.  These  are  the  devices  that 
were  inherently  more  stressed  and  facets  already  damaged  would  create  more  regions  to 
absorb  heat  and  contribute  to  destruction  of  the  facets.  The  control  lasers  and  17  lasers 
with  longer  lifetime  are  not  believed  to  have  been  strong^  influenced  by  this  mechanism. 


V.3.3.  Daric  Defect  Degradation.  The  third  mechanism  induced  by  operation 
stems  from  crystal  defect  generation  diroug^out  the  laser  cavity.  As  the  literature  review 
demonstrated,  these  defects  absorb  photons  and  generate  heat,  reducing  the  efficiency  of 
the  laser  and  generating  more  crystal  defects  to  amplify  the  damage.  The  only  means  to 
observe  this  possibility  directly  comes  from  either  scattered  electron  microscopy,  S£M,  or 
transmitted  electron  microscopy,  TEM,  analysis.  The  SEM  analysis  would  only  expose  the 
dailc  defects  that  reached  the  facets.  These  would  be  observed  as  small  dark  spots  across 
the  facet  surface  and  would  only  represent  a  small  fraction  of  the  possible  damage  within 
the  cavity.  Devices  have  been  submitted  for  future  TEM  analysis  and  by  selectively 
thinning  the  device  down  to  die  active  layer,  dark  spots  across  the  exposed  region  would 
demonstrate  diese  defects. 

Dark  defect  degradation  involves  the  gradual  diffusion  and  growth  of  crystal 
defects  toward  the  hotter  regions  of  the  device.  As  this  is  a  gradual  process  the  most 
evident  sign  of  the  degradation  is  a  steady  increase  in  the  current  necessary  to  maintain  the 
desired  output.  Eventually  a  defect  could  grow  to  breach  the  active  region  and  cause  a 
short,  this  would  severely  reduce  output  and  possibly  bum  the  device.  This  mechanism 
regularly  serves  as  the  primary  cause  for  degradation  in  devices  that  reach  the  wear-out 
period  of  their  lifetime. 

The  acid  rinse  of  laser  S5A  demonstrated  signs  of  dark  defect  degradation.  i\fler 
the  rinse  the  device  was  submitted  to  SEM  analysis.  The  analysis  of  the  exposed  active 
region  demonstrated  heavy  etch  pitting  on  the  device  ends.  The  rinse  is  known  to  react 
vigorously  with  crystal  defects  and  thus  demonstrated  the  heavy  concentration  of  crystal 
defects  around  the  active  layer  of  the  device.  The  control  device,  laser  55B,  was  subjected 
to  the  same  rinse  and  demonstrated  little  pitting  on  one  facet  end  and  none  on  the  other. 
While  this  is  only  one  device,  these  tests  demonstrated  that  the  continuous  lasing  at 
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elevated  temperature  encouraged  crystal  defect  growth,  leading  to  dailc  defect  degradation. 
F^.  6  dispb^s  the  facets  of  laser  SSA  and  S5B. 

Several  reasons  imply  diat  this  was  the  primary  cause  of  degradation  in  dus  lifetime 
study.  First,  virtually  all  literature  involving  reliability  analysis  encountered  dark  defects  as 
a  contributor  to  the  degradation  of  dieir  devices.  Second,  over  half  the  data  base 
demonstrated  the  linear  increase  of  current  necessary  to  maintain  power.  Finally,  as  the 
odier  two  primaiy  mechanisms  were  effectively  dismissed,  dus  mechanism,  thou^ 
explicitly  proven  as  the  cause  on  only  a  single  device,  remains  the  only  prinuuy  degradation 
mechanism  to  account  for  the  decay  of  the  lasers'  performance. 

V.3.4.  Lasers  Inoperational  at  Elevated  Temperature.  One  category  of  lasers  never 
could  experience  degradation  at  high  temperature  as  they  never  could  lase  during  such 
exposure.  Sixteen  of  the  fifty  two  devices  analyzed  could  only  luminesce  at  KXPC. 

Typical  thermal  influence  on  laser  operation  dictates  energy  band  spreading, 
causing  higher  threshold  currents  and  lower  slope  efBciencies.  This  trend  can  only  extend 
to  the  point  when  carrier  saturation  occurs  before  a  round  trip  gain  can  exceed  one  to 
obtain  lasing.  Upon  reaching  this  point  the  device  can  never  lase  and  will  only  luminesce. 
The  gain  equation  depends  upon  the  absorption  coefficient  of  die  medium  and  the 
geometry  of  the  cavity.  Although  the  elevated  temperature  would  exacerbate  the  difference 
in  performance  between  devices  widi  different  absorption  coefficients  and  differing 
cavities,  both  temperature  settings  should  exhibit  traits  highlighting  their  inferior 
performance. 

Working  on  this  premise,  the  characteristic  curves  gained  at  room  temperature  were 
compared  throughout  the  data  base.  The  only  significant  distinction  arose  in  the  threshold 
currents.  The  threshold  current  for  devices  that  could  not  lase  at  lOO^C  averaged  at 
53mA  before  exposure,  almost  8mA  above  the  cumulative  average  of  45.2mA.  After 
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Fig.  6a  Inner  and  Outer  Facets  of  55A,  after  HF  rinse. 
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Fig.  6b  Inner  and  Outer  Facets  ot  55B,  alter  HF  nnse. 
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e^KMure  this  difference  grew  to  56.7mA  vs.  47.2mA.  Two  devices,  41A  and  66A, 
demonstrate  this  observation  particularly  well  as  both  had  threshold  currents  above 
8SmA  and  slope  efficiencies  below  0.19,  32%  below  the  average  slope  efficiency  of  0.28. 

To  address  the  geometry  of  this  group  of  devices ,  laser  4SA  was  examined  under 
SEM  analysis.  The  facet  planes  for  this  device  were  observ'ably  non-parallel  (Fig.  7). 
Non-parallel  facets  dictate  that  a  reduced  portion  of  each  facet  will  reflect  photons  back 
dvough  the  cavity  and  on  to  tite  opposite  facet.  This  requires  more  current  to  generate  die 
same  net  output  for  a  cavity  with  parallel  facete  of  the  same  dimensions.  Returning  to 
laser  45A's  room  temperature  characteristic  curves,  the  threshold  current  was  63.1mA 
before  exposxire  and  73.8mA  after  exposure,  well  above  the  averages  cited  previous^. 


Fig.  7  The  non-parallel  facets  of  laser  45  A. 
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Additional  factors  that  could  influence  this  distinction  could  arise  from  excessive 
crystal  defects  evolving  during  fabrication  and  facet  damage  during  cleaving.  As  SEM 
anafysis  could  not  be  performed  on  all  devices,  flie  role  of  facet  damage  could  not  be 
determined.  Devices  were  submitted  for  future  TEM  analysis  to  determine  if  significantly 
more  crystal  defects  were  present  in  flus  category  of  devices  over  the  rest  of  the  data  base. 

V.3.5.  Degradation  Mechanism  Summary.  Four  general  characteristics  were 
explored  for  their  influence  on  laser  degradation.  Two  of  flie  three  d^radation 
mechanisms,  contact  degradation  and  facet  degradation,  were  observed  to  be  minor 
contributors  to  die  decay  of  all  but  7  of  fire  52  devices  analyzed.  Daric  defect  degradation, 
inherently  the  most  difficult  to  verify,  remained  as  die  suspected  primary  degradation 
mechanism.  The  fourth  area  observed  involved  comparing  the  devices  that  could  never 
lase  at  100^  to  the  rest  of  the  data  base.  These  devices  demonstrated  higher  threshold 
currents  and  at  least  one  device  was  observed  to  have  non-parallel  facet  planes.  Both 
observations  are  indicative  of  inherendy  less  efficient  lasers.  Thus  an  argument  was  made 
and  demonstrated  that  these  devices,  while  satisfying  standards  to  induce  lasing  at  room 
temperature,  did  not  demonstrate  tu^  enou^  standards  for  lasing  at  lOO^C. 

V.4.  Data  Summary 

This  section  presents  die  average  characterization  of  die  devices  based  on  their 
varknis  operation  conditions.  The  devices  are  furdier  grouped  by  dieir  output  during  their 
elevated  temperature  period.  These  curves  are  used  in  later  development  to  cite  trends 
found  in  die  data.  The  cumulative  average  absolute  error  for  currents  was  ±1.58%  and  die 
cumulative  average  absolute  error  for  the  slope  efficiencies  was  3.78%.  Table  I  provides 
die  average  threshold  curraits  and  slope  efficiencies  of  die  devices  as  groiqied  by  their 
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operating  categories.  The  characteristic  equations  and  their  curves  for  each  cat^oiy  of 
operation  are  below  (Fig.  8a-f).  The  characteristic  equation  in  the  general  format  is: 

(5.23) 

Where  P  is  die  power  ouqiut,  /  is  the  current,  is  the  direshold  current,  and  is  the 
slope  efficiency. 

a)  Devices  unable  to  lase  at  100°C,  "Luminescent  Devices"  (16  devices) 

Threshold  Current  (mA)  Slope  Efficiency  (W/A) 
Initial  R.  T.  Characterization  53.04  ±  1.51  (2.84%)  0.287  ±  0.134  (4.66%) 

Final  R.  T.  Characterization  56.72  ±  0.406  (0.716%)  0.360  ±  0.0073  (2.04%) 

b)  Devices  run  at  5mW  constant  output  (10  devices) 

Threshold  Current  (mA)  Slope  Efficiency  (W/A) 
Initial  R.T.  Characterization  36.53  ±1.31  (3.60%)  0.248  ±  0.0128  (5.02%) 

Final  R.  T.  Characterization  42.41  ±  0.767  (1.81%)  0.336  ±  0.0094  (2.81%) 

Initial  1 00°C  Characterization  76.87  ±  0.399  (0.519%)  0.489  ±  0.0125  (2.55%) 

Final  100°C  Characterization  85.43  ±  1.06  (1.25%)  0.288  ±  0.0139  (4.82%) 

c)  Devices  run  at  7mW  constant  output  (5  devices) 

Threshold  Current  (mA)  Slope  Efficiency  (W/A) 
Inilial  R.  T.  Caiaracterization  43.02  ±  0.467  (1.09%)  0.324  ±  0.0071  (2. 19%) 

Final  R.  T.  Characterization  53.30  ±  0.662  (1.24%)  0.395  ±  0.0135  (3.40%) 

Initial  100®C  Characterization  88.74  ±  0.569  (0.641%)  0.465  ±  0.0152  (3.28%) 

Final  100°C  Characterization  104.24  ±  1.02  (0.974%)  0.294  ±  0.0180  (6.11%) 

Table  I  (a-c)  Characterizations  as  grouped  by  die  operational  histoiy. 
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d)  E>evices  nm  at  lOmW  constant  output  (3  devices) 


Threshold  Current  (mA)  Slope  EfBciency  (W/A) 
Initial  R.  T.  Characterization  43.37  ±  0.878  (2.02%)  0.274  ±  0.0071  (2.60%) 

Final  R.  T.  Characterization  50.63  ±  0.641  (1.27%)  0.335  ±  0.0078  (2.34%) 

hulial  100°C  Characterization  81.83  ±  0.454  (0.555%)  0.371  ±  0.0085  (2.30%) 

Final  100°C  Characterization  70.70  ±  0.543  (0.768%)  0.375  ±  0.0084  (2.24%) 

(1  device  onfy) 

e)  Control  Devices  (13  devices) 

Threshold  Currait  (mA)  Slope  Efficiency  (W/A) 
Initial  R.  T.  Characterization  43.01  ±  1.38  (3.21%)  0.272  ±  0.0141  (5.19%) 

Final  R.  T.  Characterization  41.23  ±  1.56  (3.77%)  0.265  ±  0.0134  (5.05%) 

Initial  100°C  Characterization  79. 13  ±  0.459  (0.580%)  0.466  ±  0.01 13  (2.42%) 

Final  100°C  Characterization  79.62  ±  0.609  (0.765%)  0.467  ±  0.01 70  (3.64%) 

f)  Cumulative  Characterization  of  Entire  Data  Base  (53  devices  *) 

Threshold  Current  (mA)  Slope  Efficiency  (W/A) 
Initial  R.  T.  Characterization  45.20  ±  1.29  (2.86%)  0.279  ±  0.01 38  (4.96%) 

Final  R.  T.  Characterization  47.16  ±  0.893  (1.89%)  0.333  ±  0.0105  (3.15%) 

Initial  100°C  Characterization  81.82  ±  0.462  (0.565%)  0.486  ±  0.0125  (2.58%) 

Final  100®C  Characterization  95.93  ±  0.958  (0.998%)  0.384  ±  0.0170  (4.41%) 

*  6  devices  were  run  at  multiple  outputs  to  examine  die  effects  of  ttus  on  degradation. 
These  devices  were  not  included  in  any  groiq)  odier  dian  the  cumulative  characterizaticm. 

Table  I  (d-f)  Characterizations  of  devices  as  grouped  by  die  operational  history 
(continued). 
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IR7(I)  =0.324  (1-  43.02) 
FR7(I)  :=  0.3954  (1-  53.3) 


IE7(I)  =0.465(1-  88.74) 
FE7(I)  =0.2938(1-  104.24) 


Optical 

Output 

Power 

(mW) 


—  IR7 
-  FR7 
--  IE7 
-■  FE7 


Drive  Current  (mA) 


d)  IRIO(I)  =0.274  (1-  43J7) 

FR10(I)  =0.3355  (1-  50.63) 


IEI0(I)  :=0.371(I-  81.83) 
FE10(I)  ;= 0.350  (1 -70.7) 


FRIO 
--  lElO 
--  FEIO 


Fig.  8  c)  Avnragp  dunctaizatioiis  at  room  teoycrature  and  lOO^C  for  devicea  aged  at 
7mW.  (/y=  ±0.986%^  Ati,=  ±3.75%) 

d)  Average  characterizatioiis  at  room  temperature  and  lOO^C  for  devices  aged  at 
lOmW.  The  final  1(X)^  characterization  reflects  only  one  device. 

(A/=  ±1.15%,  Ati,=  ±2,37%) 


104 


•)  IRCTL(I)  :=0^  (I  -  43.00) 


lECIKI)  79.13) 


FRCTL(I)  ;=0.263  (I-  38.92) 


FECTLd)  =0.467  (1-  79.62) 


—  mCTL 
""  FRCIL 
“■  lECTL 
“•  FECIL 


Drive  Current  (mA) 


f)  IRWHL(I)  :=  0.2783  (1  -  43J2) 
FKWHL(I)  :=OJ33  (l-  47.16) 


lEWHL(I)  :=0.486  (1-  81.82) 
FEWHL(1)  :=0378-(l-  86.8) 


—  IRWHL  Current  (mA) 

—  FRWHL . 

--  lEWHL 
“■  FEWHL 

Fig.  8  e)  Avenge  characterizatioos  atrocm  temperatnre  and  IQQOr.  fhr  emitml  <<evice!t, 
Note  that  initial  and  final  lOO^C  charactenzitions  are 
(A/=  ±2.08%,  Ati,=  ±4.08%) 

0  Aver^  chaiacterizatioai  at  room  temperature  and  100^  for  die  data  base  as  a 
whole.  (A/*  ±1.58%,  At1j=  ±3.78%) 
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V.S.  Improved  Pcrfonnancc  at  Elevated  Tempcfature 

An  anomaly  to  general  laser  ttieoiy  arose  in  tfie  characterization  of  the  lasers  tfiat 
functioned  at  100^.  Theory  and  previous  studies  demonstrate  that  as  the  operating 
temperature  of  semiconductor  lasers  increase,  die  threshdd  current  rises  and  the  slope 
efiBciency  drops.  While  all  devices  that  functioned  at  elevated  temperatures  demonstrated 
the  increase  in  dtreshold  current,  die  cumulative  average  slope  efficiency  rose  from  0.279± 
0.014  W/A,  taken  at  the  initial  room  tenqierature  characterization,  to  0.486±0.013  W/A, 
taken  at  die  initial  elevated  tenqierature  characterization.  Neither  an  overestimate  of  the 
wavelengdi  drift,  inducing  at  most  a  2%  error,  nor  die  3.78%  absolute  error  in  data 
measurements  can  account  for  diis  large  a  difference  between  slope  efficiencies. 

Even  if  no  wavelengdi  drift  existed,  the  elevated  temperature  slope  efficiency  would 
be  reduced  only  by  2%.  This  error  was  observed  by  assuming  no  drift  and  calibrating  the 
Fiekhnaster  power  meter  to  960nm,  die  room  tenqieraturc  setting,  and  taking 
measurements  at  die  elevated  temperature.  The  power  meter  was  immediately  recalibrated 
to  980nin,  die  elevated  tenqierature  calibration,  and  measurements  on  the  same  current 
settings  as  widi  die  previous  calibration  were  recorded. 

ff  error  can  not  account  for  this  consistent  incrcr»e  in  slope  efficiency,  die 
remainiiig  options  involved  a  significant  change  in  the  cavity  structure.  Suggested  changes 
not  inherent  to  typical  laser  operation  included  additional  annealing,  die  growth  of  a  facet 
oxide  to  improve  r^ectivity,  an  improvement  of  contacts,  and  die  reduction  of  stress  on 
the  cavity  induced  by  the  mounting  epoxy.  A  final  suggestion  involves  the  improvemoit  of 
die  internal  quantum  efficiency  due  to  a  mianatch  of  latdce  constants  and  coefficients  of 
theimal  eiqNtnaion  between  layers..  After  a  brief  review  of  the  history  of  the  devices,  die 


effmis  taken  to  account  for  each  of  diese  possible  causes  are  oudined. 
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As  it  is  quite  posable  that  the  operational  htstoiy  of  the  devices  may  have 
influenced  dus  anomafy,  a  review  of  how  die  devices  were  treated  after  fabrication  and  up 
to  die  characterization  at  elevated  tenqierature  follows.  Upon  receiving  the  devices,  each 
was  briefly  tested  to  see  ^ch  produced  an  output  above  ImW.  This  testing  drove  each 
device  for  no  more  dian  S  minutes  at  currents  under  1  SOmA.  Next,  the  devices  able  to  lase 
were  pre-aged  at  room  temperature,  23-27^C,  generating  between  l.S-7.0mW  for  a  period 
between  2-16  hours  with  a  mean  of  10.7  hours.  After  pre-aging  die  initial  room 
temperature  characterizations  were  conducted,  typically  running  each  device  for  30  minutes 
at  7mW  and  momentarily  up  to  12m W.  Then  all  devices  experienced  a  gradual  increase  to 
lOO^C  over  a  period  of  4S-100  minutes.  The  devices  were  not  lasing  during  this  period. 
Upon  stabilizing  at  lOO^C  the  devices  were  characterized  again,  lasing  between  S-lOmW 
for  10  minutes  and  momentarily  up  to  15mW.  The  measurements  from  bodi 
characterizadon  sessions  represent  the  data  base  for  the  unexpected  improved  slope 
efBciency  observed. 

V.  5 . 1 .  Additional  Annealing  Effects.  The  first  proposed  mechanism  to  account 
for  improved  lasers  reasons  that  annealing  might  have  occurred  during  the  gradual  increase 
in  temperature.  This  annealing  would  reduce  the  crystal  defect  density,  improving  tiie 
cr3r8tal  quality  of  the  active  layer  and  reducing  tiie  absorption  coefficient  of  the  laser.  This 
inspired  questions  to  the  sponsor  on  details  in  fabrication.  During  fabrication  ttiese  devices 
experienced  a  tiiermal  spike  up  to  S25^C  witii  a  total  time  of  10  seconds  spent  above 
400^.  This  spike  was  specifically  designed  for  tire  initial  annealing  of  the  devices.  Later 
elevated  tiiermal  exposure  involved  one  hour  at  225^  to  cure  tiie  epoxy  mounting  the 
devices  to  the  TOS  packages.  This  previous  exposure  to  hi^er  temperatures  implies  that 
tittle  additional  annealing  could  have  occurred  during  the  40-100  minute  gradual  increase  to 
100^.  Note  tiiat  for  all  tins  heating  the  lasers  were  not  operating  so  no  temperature 
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gradient  existed  in  die  device  and  dius  the  dark  defects  were  not  attracted  toward  the  active 
regions  as  diey  are  during  laser  operation. 

An  additional  argument  against  dus  mechanism  arises  in  that  any  permanent  change 
to  the  pineal  quality  of  die  laser  would  be  reflected  in  improved  perfoimance  of  the 
control  devices  iqxm  returning  to  room  temperature.  The  control  devices  demonstrated 
less  than  a  1%  change  in  their  elevated  threshold  currents  and  slope  efficiencies  diroug^ut 
dieir  e^qxmire.  In  conqiaring  the  pre- and  post-«q)osure  room  tenqierature 
characterizations,  the  threshold  currents  decreased  an  average  of  9.S%  and  the  slope 
efficiencies  decreased  only  2%.  The  change  in  thrediold  current  could  be  attributed  to 
some  aimealing  while  the  change  in  slope  efficiency  is  easity  accounted  for  fay  the  3.78% 
error  inherent  to  the  slope  calculations.  Thus  the  onty  permanent  change  was  reflected  in 
the  threshold  current  and  the  phenomenon  observed  in  the  slope  efficiencies  can  not  be 
attributed  to  any  such  change  in  die  device. 

V.5.2.  Improved  Facet  Reflectivitv.  The  second  suggested  mechanism  reasoned 
diat  the  gradual  baking  of  the  device  might  have  grown  an  oxide  on  the  facet  surfaces. 

This  might  be  proposed  as  this  was  the  first  time  these  surfaces  were  exposed  to  die  air 
during  baking.  The  argument  continued  that  possibty  this  layer  could  imjn-ove  the  facet 
reflectivity  and  dius  inqirove  laser  performance. 

In  an  effort  to  confirm  this  influence,  device  SSA  was  rinsed  in  a  10:1  HF  acid 
solution  for  1 S  seconds  to  remove  any  such  oxide  that  might  have  grown.  Multiple 
characterizations,  pulsed  and  continuous  wave,  were  conducted  on  tins  device  before  and 
after  die  rinse  widi  the  direct  aid  of  die  Wright  Laboratoiies/ELR  laser  laboratory.  The 
pulsed  cluuacterizations  were  necessary  as  die  hardware  available  for  immediate  elevated 
tenqrerature  characterizations  onty  ran  devices  under  pulsed  current  operation.  Note  that 
this  hardware  did  not  require  the  45-100  minute  diermal  stabilization  period  requited  for 
earlier  charactaizadon.  AD  additional  hardware  used  is  included  in  Appendix  4.  Table  II 
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below  lists  die  various  characterization  results  and  the  conditions  of  each  characterization. 


Characterizations  are  listed  in  die  sequence  of  their  analysis.  The  threshold  current, 
units  are  mA  and  the  slope  efficiency,  r^g,  units  are  mW/mA. 


m 

B 

C 

D 

E 

F 

G 

H 

I 

m 

1 

37.9 

40.0 

44.2 

42.3 

45.9 

45.6 

57.2 

58.2 

46.5 

m 

0.436 

0.344 

0.475 

0.266 

0.388 

0.386 

0.284 

0.289 

0.382 

Before  HF  rinse: 

A:  Continuous  wave  lasing,  room  temperature,  before  rinse,  conducted  with  hardware  used 


on  die  bulk  of  die  data  base.  (All  die  remaining  characterizations  are  conducted 
with  Wri^t  Laboratory/ELO  hardware) 

B:  Continuous  wave  lasing,  room  temperature. 

C:  Pulsed  lasing,  0.024%  duty  cycle  at  200  Hz,  room  temperature. 

After  HF  rinse: 

D:  Continuous  wave  lasing,  room  temperature. 

E:  Pulsed  lasing,  0.024%  duty  cycle  at  200  Hz,  room  temperature. 

F :  Pulsed  lasing,  0.74%  duty  cycle  at  200  Hz,  room  temperature. 

G:  Pulsed  lasing,  0.74%  duty  cycle  at  200  Hz,  initial  exposure  at  100*^. 

H:  Pulsed  lasing,  0.74%  duty  cycle  at  200  Hz,  1039  minutes  lasing  at  lOO^C. 

I:  Pulsed  taring,  0.74%  duty  cycle  at  200  Hz,  room  temperature. 

Table  II  Multqde  characterizations  of  laser  55  A,  listed  in  sequence  of  analysis. 

These  results  indicate  diat  die  HF  rinse  did  damage  die  facets  as  the  slope 
efficiencies  were  lower  after  the  rinse,  or  that  die  oxide  was  removed.  SEM  analysis 
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confirmed  the  facet  damage  (Fig.  6a,  p.  97)  The  freshly  exposed  facet  surface  resulting 
fi-om  the  rinse  did  not  demonstrate  the  same  increase.  Thus  the  exposure  to  elevated 
temperature  did  not  generate  any  oxide  that  enhanced  reflectivity  on  fresh  facet  surfaces. 

Two  other  aiguments  discourage  this  mechanism  as  the  cause  for  the  enhanced 
slope  efBciency.  Ihe  first  argument  parallels  fltat  encountered  in  the  annealii^ 
development.  Again,  any  effect  that  generates  a  permanent  change  in  the  crystal  structure 
seems  unlikely  as  the  control  devices  did  not  chaise  during  the  exposure  to  elevated 
temperatures  and  oxide  would  have  grown  on  the  control  facets. 

Fukuda  supplies  the  second  argument  in  his  development  of  facet  oxidation 
(1: 131).  Fukuda  argues  that  facet  oxidation  is  a  degradation  mechanism  as  it  actually 
creates  crystal  defects  at  the  facet  surface.  These  defects  become  part  of  die  active  layer 
and  effectively  become  dark  area  defects.  These  defects  reduce  the  band-gap  energy, 
providing  a  continuum  of  energy  levels  to  allow  non-radiative  recombination.  This  means 
the  absorption  coefficient  of  die  facet  increases  with  oxidation.  The  net  result  is  that  any 
facet  oxidation  will  degrade  the  laser.  To  summarize,  a  HF  rinse  on  a  device  iii  question, 
the  fact  that  no  permanent  crystalline  change  could  occur,  and  the  fact  that  facet  oxidation 
is  a  degrading  mechanism,  indicate  that  no  oxide  layer  could  have  grown  on  the  facets  to 
improve  the  overall  laser  performance. 

y  ,5,3.  hnprpyed  Corit^ts.  The  performance  of  the  contacts  can  vary  with  the 
operating  temperature.  Diffiision  may  also  occur  during  elevated  temperatures  and/or 
sufficient  current  density  operation.  If  mild  diffiision  could  generate  an  improved  ohmic 
contact,  it  would  improve  performance  for  all  future  operating  conditions.  One  reason  for 
this  is  simply  that  diffusion  is  not  a  reversible  process  that  would  "undiffuse"  upon 
returning  to  room  temperature.  The  strongest  atgument  against  this  mechanism  is  that  by 
definition  a  good  ohmic  contact  has  negligible  contact  resistance  relative  to  the  bulk 
resistance  of  the  semiconductor  (19: 169).  The  voltage  drop  across  the  contacts  should  be 
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small  compared  to  die  drop  across  the  active  region  of  the  device.  Thus  die  contacts 
should  not  significant^  influence  the  device  performance  under  any  conditions. 

Assuming  that  die  contacts'  influence  mi^t  be  significant,  if  mild  difiusion  did 
occur  during  the  warm-up  period  between  the  power  characterizations,  diis  would  again 
generate  a  permanent  improvement  to  the  devices  and  would  be  reflected  in  the  control 
devices.  Devices  have  been  submitted  for  Auger  analysis  to  confirm  any  difiusion  effects 
in  the  contacts  and  the  devices  as  a  whole. 

Addressing  die  diermal  influence  on  die  ohmic  contact  resistance,  Sze  develops  the 
specific  contact  resistance,  (19: 169).  Thermal  influence  is  primarily  reflected  in 
contacts  involving  doping  levels  below  10^^  dopants/cm^, where  thermionic  emission 
cunrent  dominates.  This  influence  is  reflected  by  (19: 170): 


R^=-^ 
"  qA*T 


exp 


Bn 


kT 


(5.24) 


The  variables  involved  are  the  Boltzmann  constant,  k,  the  temperature,  T,  the  atomic 
chaige,  q,  the  effective  Richardson  constant,  A and  the  barrier  height,  This  indicates 
that  the  resistance  of  the  contact  will  drop  as  the  operation  temperature  rises. 

Thermionic  current  effects  can  not  be  used  for  GaAs  technology  due  to  "fermi- 
pinning"  dictating  a  large  barrier  height  of  ~0.9eV  for  all  metal-GaAs  interfaces  (21:717). 
Thus  junctions  must  involve  high  doping  to  induce  tunneling  current  effects. 

The  contacts  used  for  these  devices  coimected  to  'egions  doped  at  10^^ 
dopants/cm^.  This  doping  is  sufficient  for  tunneling  current  to  dominate  over  thermionic 
current  effects.  Tunneling  current  specific  contact  resistance  depends  on  material 
parameters  that  are  not  strongly  influenced  by  the  operation  temperature.  Sze  cites  the 
dependence  as  (19: 171): 
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The  additiofial  variables  are  the  efitctive  mass,  nin,  the  soniconductor  pquaMivity,  the 
doping  density,  Nq,  and  the  reduced  Planck  conalant,  h .  Thus  contact  mtprovcment  is  not 
a  likely  contributor  to  die  enhanced  peiformance. 

V.S.4.  Cavity  Stress  Reduction.  The  final  proposed  mechanisin  suggested  that  dw 
epoxy  diermal  expansimi  coefficient  dififered  fitrni  that  of  the  devices.  As  a  consequence, 
upon  cooling  to  room  temperature  after  curing  at  225^  a  residual  stress  betweoi  the 
epoxy  and  device  developed.  Such  a  stress  could  haul  die  device  and  dieor^kally  rmda’ 
the  facets  not  quite  paraUeL  The  argument  continues  diat  by  heating  the  device  again,  even 
if  not  up  to  the  curing  temperature,  diis  stress  is  partially  reduced  and  die  facets  become 
increasing^  parafleL  To  quantify  die  effect  of  dus  mechanism  the  thomal  expansion 
coefficient  of  die  epoxy  must  be  obtained  and  compared  to  that  of  the  GaAs  substrate. 

Two  arguments  arise  against  this  mechanian,  the  first  being  diat  dus  effect  was  not 
encountered  in  any  of  die  previous  studies  and  texts  reviewed  concerning  laser  operation 
and  reliability.  The  second  argument  evolves  fixrni  die  firud  characterizations  obtained 
fixnn  laser  33A.  Inspecting  Table  II,  p.  109,  reveab  that  with  devated  opoation  the  slope 
efficiency  decreased.  As  far  as  die  epoi^-semiconductor  junction  was  involved,  dus 
environment  was  identical  to  previous  e^qiosure  and  yet  the  enhanced  operation  was  not 
repeated.  In  conclusion,  dus  does  not  seem  a  likdy  mechanism  responsible  for  die 
improved  laser  operation  at  100^. 

V.3.3.  Variable  hitemal  Quantum  Rfficiencv.  Upon  examining  the  equations  diat 
irmdve  die  threshold  current  and  slope  effidency  of  the  laser  data  base  and  trying  to  fit 
them  to  the  observed  perfoimance,  the  best  option  is  that  die  internal  quantum  efficioicy 
must  behave  as  a  reversiUe  function  of  temperature.  This  surnrnary  runs  duou^  die 


variaMes  influencing  bofli  characteristics  and  concludes  witii  an  aigument  for  attributing 
tfie  observations  to  tiie  internal  quantum  efEiciency  changing  witii  the  operation 
temperature. 

The  data  demonstrated  an  obvious  increase  in  threshold  current  with  temperature 
increase.  This  encourages  an  aigument  for  a  contraction  in  cavity  lengtii  (L)  or  a  reduction 
in  facet  reflectance  (R)  ^en  examining  equation  5.6,  repeated  below. 

If  either  were  the  dominant  mechanism  this  could  generate  an  increase  in  slope  efficiency 
also  through  equation  5.8  and  equation  5.9,  repeated  below. 

«  ;7,{(l/l)ln(l//?)/[a  +  (l/l)ln(l//?)]}  (5.8) 

17.  =  1/2(/iv/^)17,  (5.9) 

Eitiier  trend  shrinks  the  quantities  (1/L)  or  (1/R)  which  are  factors  in  botii  equations 
modeling  the  threshold  current  and  the  efficiency.  The  literature  review  found  no  studies 
ascribing  their  results  to  these  mechanisms.  Also  a  length  contraction  due  to  increased 
temperature,  or  a  negative  thermal  expansion  coefficient,  is  onty  observed  at  low 
temperatures  for  type  IV,  n-V,  and  11- VI  compounds  (23: 129).  As  GaAs,  InGaAs,  and 
AlGaAs  are  III-V  compounds,  this  trait  does  not  exist  for  the  compounds  and  hence  is  not 
possible  for  the  devices. 

The  next  variable  is  tiie  absorption  coefficient  of  tiie  device.  This  variable  would 
have  to  decrease  to  improve  tiie  slope  efficiency  but  tins  woiks  opposite  to  tiie  observed 
increase  in  threshi^d  current  In  fact,  as  presented  eailier,  this  parameter  increases  during 
operation  as  tiie  dark  area  defects  grow  in  tiie  active  layer. 
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The  remainii^  variables  of  the  ttireshold  current  are  curve  fitting  constants  and  the 
diickness  of  die  active  layer.  The  active  byer  thickness  would  have  to  expand  to  increase 
the  du*eshold  current  and  does  not  enter  into  die  slope  efficiency  calculation  so  dns  could 
easily  contribute  to  the  increased  threshold  current  observed  and  not  conflict  with  the 
observed  increase  in  slope  efficiency. 

The  only  remaining  variable  is  the  internal  quantum  efficiency  of  the  efficiency 
equations.  The  control  data  demonstrates  that  the  slope  efficiency  increases  by  a  factor  of 
1.7  with  temperature  and  returns  to  the  initial  value  when  returning  to  room  temperature. 
This  implies  that  the  internal  quantum  efficiency  would  have  to  depend  on  operating 
temperature  and  have  to  be  an  elastic  function.  This  could  easily  be  explained  in  terms  of 
strain  relief  at  the  InGaAs/GaAs  junctions  of  the  quantum  wed.  Since  InGaAs  has  a  larger 
lattice  constant  than  GaAs,  but  a  smaller  coefficient  of  thermal  expansion,  an  increase  in 
tenq)erature  decreases  die  difference  in  lattice  constants.  Table  III  outlines  the  data 
relevant  to  this  argument,  providing  the  lattice  constants  at  room  temperature  and  600<^ 
as  well  as  the  room  temperature  coefficient  of  thermal  expansion,  oc,  for  GaAs  and  InAs 
(23: 1317,1321).  The  values  for  In^Ga^.^As  vary  in  a  continuous  maimer  between  those  of 
the  compounds  at  either  extreme. 

Lattice  Constant  (A)  Lattice  Constant  (A)  a  (10**  K*‘) 

Compound  (300OK)  (tiOQOK)  (SOO^K) 

GaAs  5.65325  5.6800  6.63 

InAs  6.0583  6.080  4.52 

Table  III  (23: 1317,1321).  Lattice  constants  and  the  coefficient  of  thermal  expansion  for 

GaAs  and  InAs. 

This  explanation  permits  die  internal  quantum  efficiency  to  act  as  an  elastic 
function  of  temperature  as  the  lattice  constants  will  return  to  their  larger  mismatch  upon 
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retunung  to  room  temperature.  As  tiie  internal  quantum  efiQciency  does  not  figure  into  the 
dupeshold  current  density,  its  improvement  does  not  hamper  the  trend  toward  higher 
direshold  current  densities  at  elevated  operation  tenq)eratures. 

The  previous  argument  does  not  account  for  the  permanent  inqrrovement  of  die 
direshold  current  Actualfy,  mild  annealing  induced  by  the  combined  effect  of  lasing  and 
elevated  temperatures  mi^t  account  for  dus.  This  mechanism  is  reinforced  by  the 
improved  performance  demonstrated  by  die  devices  lasing  at  constant  power  outputs 
during  dieir  first  hour  of  lasing. 

In  summary,  the  section  reviewed  die  material  variables  influencing  the  threshold 
current  and  slope  efficiency  to  develop  an  explanation  for  the  increased  slope  efficiency 
observed  at  elevated  operation  temperatures.  After  presenting  each  variables'  influences  on 
these  characteristics,  the  best  explanation  required  the  internal  quantum  efficiency  to 
inqirove  at  elevated  temperatures  and  return  to  ite  cniginal  value  when  die  device  returned 
to  room  temperature.  This  could  occur  by  reducing  die  lattice  constant  mismatch  at  the 
InGaAs/GaAs  junctions.  As  GaAs  has  a  smaDer  lattice  constant  and  a  larger  coefficient  of 
thermal  eiqiansion  than  the  same  properties  of  InGaAs,  it  was  reasoned  that  the  lattice 
mistnatch  would  indeed  reduce  as  die  junction  temperature  increases.  As  die  mismatch 
returns  iqxm  cooling,  this  dictates  a  lower  internal  quantum  efficiency  and  satisfies  die 
requirements  for  agreement  with  die  data  observations.  Thus,  a  variable  internal  quantum 
efficiency  can  account  for  the  increase  of  slope  efficiency  observed  at  elevated  operating 
temperatures. 

V.S.6.  Anomalous  Improved  Performance  Summary.  Afler  conqiaring  the  slope 
efficiencies  of  lasers  characterized  initially  at  room  temperature  and  then  at  lOO^C,  a  trend 
of  improved  slope  efficiency  at  elevated  temperature  was  observed,  contraiy  to  dieoiy  and 
published  empirical  results.  Five  mechanisms  were  suggested  and  investigated  to  account 
for  this  observation.  These  mechanisms  involved  additional  annealing,  the  growth  of  a 
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facet  oxide  to  improve  reflectivity,  an  improvement  of  contacts,  the  reduction  of  stress  on 
the  cavity  induced  by  die  mounting  epoxy,  and  a  variable  internal  quantum  efficiency.  The 
first  four  mechanisms  were  unable  to  account  for  the  observation.  A  primaiy  argument 
defeating  the  first  diree  mechanisms  involved  die  fact  diat  any  permanent  structural 
improvement  would  have  been  reflected  in  die  control  devices  alter  elevated  exposure. 
This  required  improvement  was  not  observed.  The  variable  internal  quantum  efficiency 
was  able  to  satisfy  all  observed  data  trends.  As  GaAs  has  a  smaller  lattice  constant  and 
larger  coefficient  of  diermal  expansion  than  any  In^Oai.xAs  terdary  compound,  the 
difference  in  their  lattice  constants  shrinks  widi  increasing  temperature.  This  results  in 
improving  the  internal  quantum  efficiency.  Upon  cooling,  the  internal  quantum  efficiency 
returns  to  its  initial  value  as  the  lattice  constants  return  to  theirs.  This  satisfies  the  data 
trends  observed.  As  a  result  of  this  analysis,  this  was  the  onfy  mechanism  developed  to 
account  for  die  inqiroved  slope  efficiency.  This  trend  deserves  future  research,  even  if 
only  to  find  an  error  in  the  method  of  data  gathering. 

V.6.  Summary  and  Conclusions 

This  chapter  served  to  outline  the  need  and  justification  of  die  power  readings 
obtained  at  room  temperature  and  elevated  temperature  as  a  function  of  current.  From 
these  measurements,  die  lasers'  performance  could  be  quantified  and  the  influence  of 
various  constant  power  outputs  at  elevated  temperature  could  be  examined.  A 
development  of  die  broadest  anticipated  diveigence  patterns  demonstrated  that  power 
readings  measured  over  95%  of  the  total  optical  output. 

The  first  product  of  these  power  readings  was  the  characterization  of  the  lasers. 
This  characterization  generated  the  jqiproximate  threshold  current  and  slope  efficiency  for 
each  device  before,  during,  and  afier  exposure  to  several  hours  at  lOO^C.  An  absolute 
error  of  3.78%  was  derived  for  the  slope  efficiency. 
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The  next  product  of  these  measurements  was  the  operational  lifetime  of  die  average 
device  as  a  function  of  power  at  100^.  This  development  demonstrated  that  the  pre¬ 
aging  phase  conducted  at  room  temperature  did  not  provide  entirely  stable  operation  at 
elevated  temperature.  This  conclusion  arises  from  die  fact  that  muldpie  devices  improved 
during  the  first  hour  of  operation  before  begimdng  die  anticipated  degradation.  The 
calculated  lifetime  was: 

lifetime  {P)  =  1.911*10“  (minutes)  (5.22) 

Analysis  of  operation  at  elevated  temperatures  generated  four  categories  of  devices. 
Those  devices  that  lased  throughout  dieir  heated  exposure  and  demanded  more  current  at  a 
steady  rate  over  time  formed  die  first  category.  The  second  category  contained  diose 
devices  that  lased  initially  in  dieir  exposure  but  fruled  during  die  period  and  were  unable  to 
generate  the  set  power  ou^ut  at  any  current.  The  third  category  contained  diose  devices 
diat  never  lased  at  their  elevated  temperatures.  The  fourth  category  contained  those 
devices  that  could  have  lased  at  hig^  temperature  but  served  as  control  devices  instead. 

The  next  step  involved  deducing  the  degradation  mechamsms  that  dictated  the 
performance  decay.  Contact  degradation  and  facet  degradation  were  demonstrated  as 
minor  contributors  to  die  degradation.  Darlc  defect  degradation  remained  the  most  likely 
mechanism.  Devices  have  been  submitted  for  future  Auger  analysis  and  future  TEM 
analysis  to  provide  additional  confirmation  of  this  conclusion.  The  results  of  these  analyses 
are  outside  the  scope  of  this  woiii. 

In  the  effort  to  determine  why  several  devices  never  lased  at  elevated  temperature, 
these  devices  were  compared  to  the  rest  of  die  data  base.  Generally  these  devices 
demonstrated  a  higher  threshold  current  at  room  temperature.  SEM  analysis  on  one  such 
device  demonstrated  diat  the  facets  were  not  parallel  and  this  would  dictate  inferior 
performance  to  a  similar  device  with  parallel  facets.  Conclusions  dictated  that  inferior 
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ciystal  quality  could  demand  additi(»ial  absorptim  in  the  cavity  and  a  non-rectangular 
cavity  geometry  would  hamper  performance. 

Next  a  summary  of  the  characteristic  power  curves  was  provided.  Grrq^ 
representing  the  average  of  the  devices'  slope  efBciencies  and  threshold  currents  were 
provided  for  the  various  operating  conditions  tested. 

The  fiiud  topic  addressed  the  unerqrected  improved  slope  efficiency  observed  at 
elevated  operation.  Theory  and  published  research  implies  a  lower  efficiency  with  an 
increase  in  operation  temperature.  Four  mechanisms  were  proposed  and  discredited. 
These  mechanisms  involved  additional  annealing,  die  growth  of  a  facet  oxide  to  improve 
reflectivity,  an  improvement  of  contacts,  and  the  reduction  of  stress  on  the  cavity  induced 
by  the  mounting  epoxy.  A  flflh  mechanism,  involving  a  vaiying  internal  quantum 
efficiency,  proved  able  to  account  for  this  observation.  The  hi^er  slope  efficiency 
observed  with  continuous  wave  laser  operation  at  100*^}  deserves  future  research. 
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VI.  ConcluaioM  and  Recommendations 


This  chapter  summarizes  the  research  conducted  to  model  the  high  temperature 
effects  on  the  (^)eration  of  an  edge  emitting  GaAs  quantum  well  semiconductor  laser 
design  provided  by  Wiight  Laboratories.  Three  sections  arc  presented  oudtning  this  woilc. 
First  the  research  goals  and  dieir  results  shall  be  oudined.  Second,  additional  observations 
and  conclusions  are  presented.  The  durd  section  suggests  topics  dutf  require  iiiidier  study. 

VLl.  Research  Goals 

The  research  conducted  centered  on  three  goals.  The  primaiy  goal  was  to 
determine  the  influence  of  three  degradation  mechanisms,  dail  area  defects,  facet 
degradation,  and  contact  degradation,  on  die  operation  of  the  lasers  at  100^.  Inherent  to 
this  goal  is  the  determination  of  v^diich  mechanism  dominated  die  degradation.  To  achieve 
dds  goal,  a  means  of  quantifying  the  operation  had  to  be  developed.  The  second  and  third 
research  goals  filled  this  role.  The  second  research  goal  was  to  characterize  the 
perfoimance  of  die  lasers  at  different  stages  of  operation  at  room  temperature  and  100*^C. 
This  characterization  took  die  form  of  the  power  output  generated  as  a  function  of  the 
driving  cunent  The  characterizations  produces  die  direshold  current  and  slope  efficiency 
for  each  stage  of  operation.  The  third  goal  was  to  determine  die  operational  lifetime  as  a 
function  of  power  output  at  100^.  This  lifetime  was  based  on  the  standard  of  a  S0% 
increase  from  die  initial  current  necessary  to  maintam  a  constant  power  output 

VLl.l.  E)egradation  Mechanisms.  Begnumig  widi  die  determination  of  the 
d^radadon  mechanism  roles,  contact  and  facet  degradation  were  demonstrated  to  be 
minor  condibutors,  leaving  the  generation  of  dark  area  defects  as  the  primaiy  influence  on 
operational  decry.  Contact  degradation's  most  obvious  signs  of  influence,  an  abrupt  end  to 
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lasing  for  aO  temperatures  and  currents,  was  not  observed.  The  operation  conditions 
employed  on  the  data  base  were  considerably  shorter  and  at  lower  temperatures  and 
current  densiues  than  studies  found  in  relevant  literature  to  support  an  argument  for  the 
gradual  difihision  of  the  contacts.  Operating  conditions  did  not  exceed  16  hours  and  were 
conducted  at  100®C  at  typical  maximum  current  densities  of  7.75*  10^  A/cm^.  Fukuda 
cites  studies  observing  electromigration  of  Au  films  operating  for  10-1000  hours  at  200- 
300  OC  and  5-20*  10^  A/cm^  (1: 142).  As  this  alone  will  not  disprove  an  argument  for 
dififiision,  devices  were  submitted  for  future  Auger  analysis  to  analyze  the  material 
composition  profiles  of  unaged  devices  and  aged  devices. 

Facet  degradation  was  die  next  mechanism  investigated.  Signs  of  this  mechanism 
would  be  either  pitted  facets  or  in  an  extreme  case,  die  destruction  of  the  crystal  in  the 
facet  region.  SEM  analysis  was  employed  on  S  of  27  devices  that  demonstrated  any 
degradation  to  gain  evidence  of  either  results.  The  only  device  to  demonstrate  any  facet 
damage  suffered  a  possible  facet  blowout  and  had  failed  within  25  minutes  of  operation. 
The  device  with  the  next  shortest  lifetime,  280  minutes,  to  have  its  facets  observed  showed 
no  facet  damage.  The  resulting  inqilication  could  be  that  facet  damage  contributed  to  the 
failure  of  the  7  devices  with  lifetimes  shorter  than  laser  280  minutes.  The  best  means  of 
determination  would  entail  additional  SEM  analysis  on  these  7  devices.  The  SEM  analysis 
already  conducted  demonstrated  that  facet  degradation  did  not  contribute  to  the 
d^adation  of  the  bulk  of  tiie  data  base. 

Signs  of  tile  final  degradation  mechanism  studied,  darlc  defect  degradation,  were 
observed  in  the  bulk  of  the  data  base.  Over  half  the  data  base  demonstrated  the  linear 
increase  of  current  necessary  to  maintain  power,  one  such  sign  of  this  mechanism.  Also, 
due  to  a  HF  10:1  acid  rinse  of  an  aged  laser  and  a  control  laser,  the  crystal  defect  density 
was  demonstrated  to  be  enhanced  by  laser  operation  at  elevated  temperatures.  As  tiie  otiier 
two  primary  mechanisms  were  effectively  dismissed,  this  mechanism,  thou^  explicitiy 
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proven  as  the  cause  on  only  a  single  device,  renuuns  as  the  primaiy  degradation  mechamsm 
to  account  for  die  decay  of  the  lasers'  perfoimance. 

Thus  die  first  goal  was  achieved  and  demonstrated  diat  contact  and  facet 
degradation  did  not  significandy  influence  die  degradation  of  the  data  base.  This  focus  of 
study  also  demonstrated  diat  dark  defect  degradation  dominated  as  the  primaiy  degradation 
mechanism. 

VI.  1.2.  Laser  Characterization.  The  second  goal  of  this  research  was  to  quantify 
the  performance  of  the  lasers  of  the  data  base.  This  study  demonstrated  the  validity  of 
measuring  die  power  output  as  a  function  of  driving  current.  The  components  generated 
from  such  characterization  are  the  approximate  threshold  current  and  the  slope  efficiency. 
This  research  goal  generated  the  characterization  of  lasers  after  approximately  10  hours  of 
pre-i^ing  at  room  temperature,  ~2S^C,  die  characterization  upon  initial  exposure  to 
100®C,  the  characterization  at  the  end  of  exposure  to  100°C,  and  the  characterization 
upon  returning  to  room  temperature.  Appendix  12  tabulates  the  threshold  current  and 
slope  efficiency  for  each  device  under  each  characterization. 

VI.  1  I  .ifetime  Calculation.  The  third  goal  was  to  determine  the  operational 

lifetime  of  diis  design  as  a  function  of  power  i^iile  operating  at  lOO^C.  This  dictated 
measuring  the  current  necessary  to  maintain  a  constant  output  power  for  iqi  to  16  hours 
while  operating  at  the  elevated  temperature.  As  a  result  of  this  effort,  9  lasers  operating  at 
SmW,  6  lasers  operating  at  7m W,  and  a  single  laser  operating  at  lOmW  were  available  for 
this  calculation.  This  development  demonstrated  that  die  pre-aging  phase  conducted  at 
room  temperature  did  not  provide  entirely  stable  operation  at  elevated  tenqierature.  This 
conclusion  arose  fi'om  the  fact  diat  several  devices  improved  during  die  first  hour  of 
operation  before  beginning  the  anticipated  degradation.  The  calculated  lifetime  as  a 
function  of  power  was: 

lifetime  {P)  =  1.911*10V  ‘^  (minutes)  (6.1) 
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VI.2.  Additional  Observations 


Two  general  observations  evolved  during  die  course  of  this  study.  First,  analysis  of 
operation  at  elevated  temperatures  generated  four  categories  of  devices.  Those  devices  diat 
lased  duroughout  dieir  heated  exposure  and  demanded  more  current  at  a  steady  rate  over 
time  formed  the  first  category.  The  second  category  contained  those  devices  diat  lased 
initially  in  their  e:qx>sure  but  failed  during  the  period  and  were  unable  to  generate  the  set 
power  output  at  any  current.  The  third  category  contained  those  devices  that  never  lased  at 
their  elevated  temperatures.  The  fourth  category  contained  those  devices  that  could  have 
lased  at  hi^  temperature  but  served  as  control  devices  instead. 

The  second  observation  was  an  unanticipated  trend  of  improved  slope  efficiency 
measure  at  initial  elevated  operation.  Theory  and  published  research  impUes  a  lower 
efficiency  with  an  increase  in  operation  temperature.  All  devices  that  fimctioned  at 
elevated  temperatures  demonstrated  a  cumulative  average  slope  efficiency  rise  firom  0.279± 
0.014  W/A,  taken  at  the  initial  room  temperature  characterization,  to  0.486±0.013  W/A, 
taken  at  the  initial  elevated  temperature  characterization.  The  3.78%  absolute  error 
produced  fi-om  data  measurements  could  not  accoimt  for  this  large  a  difference  between 
slope  efficiencies. 

In  the  effort  to  account  for  this  trend,  four  mechanisms  were  proposed  and 
discredited.  These  mechanisms  involved  additional  annealing,  the  growth  of  a  facet  oxide 
to  improve  reflectivity,  an  improvement  of  contacts,  and  the  reduction  of  stress  on  die 
cavity  induced  by  die  mounting  epoxy.  A  fifth  mechanism,  and  the  only  one  able  to 
account  for  die  improved  slope  efficiency,  was  die  improvement  of  the  internal  quantum 
efficiency  due  to  die  fact  that  die  difference  between  the  lattice  constants  of  adjacent  layers 
diminishes  with  elevated  temperatures. 
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VI.3.  Reconmiaidalions  for  Fmure  Research 

Two  general  topics  resulting  from  this  research  deserve  additional  study,  frufrier 
confirmation  of  the  influence  of  the  three  degradation  mechanisms,  and  the  verification  of 
the  variable  internal  quantum  efficiency's  influence  on  the  increased  slope  efficiency 
encountered  during  initial  operation  at  lOO^C.  Devices  have  already  been  submitted  for 
future  Auger  analysis  which  should  clarify  die  extent  to  which  the  contacts  difiused  into  the 
active  region  during  operadon.  Devices  have  also  been  submitted  for  future  TEM  analysis 
to  direcdy  observe  any  crystal  defects  in  the  active  layer.  Finally,  SEM  analysis  should  be 
conducted  on  die  7  devices  demonstrating  the  shortest  lifetimes  in  die  data  base  to 
determine  if  facet  d^radadon  contributed  to  dieir  failure. 

Anodier  topic,  one  that  arose  in  the  literature  review  preparing  for  this  work, 
involved  the  facet  headng  resulting  from  die  duty  cycle  of  the  operating  current  (10:212). 
Defects  that  had  not  been  attributed  to  facet  defects  implied  that  die  devices  being 
evaluated  were  operated  at  either  too  hi^  an  opdcal  power  or  with  an  excessively  long 
pulse  width  in  the  power  vs.  current  curve  measurement.  A  longer  pulse  width  leads  to 
more  energy  being  applied  to  facet  headng.  By  increasing  the  duty  cycle  and  shortening 
the  pulse  width  die  audiors  effectively  reduced  degradadon  from  this  mechanism.  As  a 
larger  duty  cycle  results  in  more  juncdon  headng  and  a  longer  pulse  width  results  in  greater 
facet  headng,  it  was  concluded  that  the  rate  of  degradadon  was  dependent  on  facet  heating. 
Tests  similar  to  these  should  be  conducted  on  dus  design  to  determine  the  optimal  duty 
cycle  and  pulse  width  for  minimizing  degradadtm  at  the  elevated  operadon  temperature. 
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Appendix  2:  Laser  Mount  Deagn  nia^rMna 
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Appendix  4:  Hardware  List 


This  first  list  includes  the  hardware  enq)layed  far  all  tests  except  the  final  HF  add  rinse 
tests. 

(Quantity  Item) 

1  Loomis  Scriber,  Model  MKT-38-LI 

1  Cde-Parmer  Digi-Sense  Temperature  Controller,  Model  2186-00 

1  Fhike  77/ AN  Multimeter 

2  Fhike  77/BN  Multimeter 

1  JRG  Variable  Resisto'  Box 

1  Soar  Corp.  \fini  Resistance  Box 

1  Powertec  D.C.  Power  Siq>{dy>  Model  6C3000 

2  Ikwdctt-Packaid  6236B  Tr^e  Output  Power  Siqipty 
1  Hewlett-Packard  E361 1 A  D.C.  Power  Supply 

1  ILX  lightwave  LDC-3722  Laser  Diode  Controller 
1  Spectra  Diode  Labs  SDL800  Laser  Diode  Driver 

3  Newport  Digital  Power  Meter,  Model  815  Series 

1  Coherait  Fieldmaster  Power  Meter,  Model  FM 

1  Coherent  1000:1  Attenuator 

1  Colo-Parmer  Fibetghiss,  minicoimector  J-Type  Thermocouple 

1  Cde-Parmer  Metal,  minicainector  J-Type  Thermocouple 

3  Nfiniconnector  J-Type  Thetmocoiqile 

1  36"  Diameter,  1/4"  Sted  Plate  Carousel  (Fabricated) 

6  Ahmunum  TO-5  Package  Mounts  (Fabricated) 
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1  Sybraa/Thenncrfyiie  Type  1000  Stir  Plate,  Model  SP-A1025B 
1  Themu^ne  Type  1900  Hot  Plate,  Model  HP-A191SB 

1  ThemKrfyne  l^pe  2300,  Model  HP>230SB 

2  Cole-Parmer  Sirrer/Hotplate,  Model  4658 

1  Cenco  PL60  Stmer/Heater,  Catalog  16632 

1  Coming  Remote  Stnrer/Ho^late,  Model  PC-32S 
1  CHympus  B071  Optical  Microacope 

1  Otyiiq>us  0.01mm  standard,  M-OSSO 

1  Canon  AE-1  ProgrammaUe  Camera,  48S2310 


This  list  includes  the  hardware  used  only  during  Ae  HF  add  rinse  tests: 

1  Phir  Laser  Power  Monitor,  Model  PD2-A 
1  EG&G  Princeton  y^Hed  Research  Boxcar  Averager,  Model  162 
1  SRS  Power  Stq>ply  and  EMsplay  Module:  Comp,  hit  SR245 
1  SRS  Fast  Sampler  SR225 

1  SRS  Analog  Processor  SR23S 

1  SRS  Gatd  Integrator  and  Boxcar  Averager 
1  Fhike  8S06A  Thermal  RMS  Digital  Multimeter 
1  hhcrO  Custom  Built  Computer  System 
lOTech  IEEE  488  Board 
Metrobyte  DAS20  I/O  Board 
1  Tektronix/Sony  390AD  Digitizer 

1  Tektronix  7104  and  E)CS01  Oscilloscope  Camera  System 
1  Avtech  AVO-7A-C  Pulse  Generator 

1  Sony  SLD  202  Photocell 

1  Wadow  945  Temperature  Contrdler 
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Spex  Mhumate  Spectrometer 
1  Gamma-Sc^tific  Photometer 

1  MeDes  Griot  and  Newport  Fiber  Positioner 
1  Opto-Electronic  Laser  Diode  Driver 

1  SDL  922  Quasi-Continuoiis  Wave  Laser  Driver 

1  Opto-Electronic  PD-IS  Photodetector 

1  Kyocer  Fiber-pigtaOed  OEIC  Package 


134 


135 


Appendix  6:  gcaving  Technique 


This  provides  a  step-by-step  checklist  for  the  technique  developed  to  obtain  high-yield, 
uniform  laser  bars. 

1.  Power  up  the  Loomis  scriber. 

2.  Open  pressure  lines  and  set  vacuum  to  ~SkPa. 

3.  Set  sk^  index  adjustment  to  400.0pm. 

4.  Lay  down  wafer  and  align  masking  pattern  perpendicular  to  scribe's  motion  direction. 
4a.  Using  si^iting  eyepiece,  aUgn  reticule  marks  on  one  end  of  masking  pattern. 

4b.  "step”  function  ofi^  engage  "index”  function  and  observe  wafer  traveling 
under  field  of  view. 

4c.  Repeat  4a  and  4b  until  pattern  is  aligned  on  both  ends  to  reticule. 

5.  Turn  on  die  "step"  function 

6.  Beginning  at  one  end  of  wafer,  scribe  along  die  edge  of  the  wafer  chip  at  the  desired 
crystal  orientation  and  spatial  period. 

6a.  a  finger  holding  down  lever  arm  to  scribe,  thus  suspending  the  scribe,  engage 
vacuum  drive  to  scribe. 

fib.  Manually,  gen%  lower  scribe  to  wafer  l-2mm  firom  edge  of  wafer. 

fic.  Enact  scribe  drive  to  drag  scribe  off  edge  of  wafer. 

fid.  Disengage  vacuum  drive  to  scribe. 

fie.  Resulting  scribe  mark  should  be  deep  enough  to  observe  penetration  of  gold  alloy 
contacts.  If  not,  adjust  elevation  of  scribe  and  repeat  step  fi. 

7.  Press  die  "index"  button  and  hold  until  scribe  mount  conqiletes  400pm  step. 
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8.  Rqjeat  stq>s  6  and  7  until  one  edge  of  wafer  has  been  completely  scribed. 

9.  Mount  wafer  chip  to  a  soft  pliable  metal  strip  with  Apiezon  W-wax  ("Black  Wax"). 

9a.  Heat  portion  of  metal  strip  to  ~100^C  keeping  wax  in  contact  with  Seated  portion. 
9b.  When  enough  wax  has  been  deposited  on  metal  to  form  a  complete  layer  between 
the  chip  and  metal,  remove  assembly  from  hotplate. 

9c.  Spread  wax  to  a  thin  uniform  layer  on  metal. 

9d.  Place  wafer  on  wax  film  with  scribe  marks  parallel  to  the  axis  of  flexing  that  the 
metal  ship  will  be  submitted  to.  Minimum  repositioning  is  desired. 

9e.  Move  on  to  step  10  after  the  wax  has  resolidified.  (S  minutes) 

10.  Cjently  flex  the  assembly  parallel  to  the  scribe  maiics.  The  cleaves  can  be  observed 
by  the  reflection  pattern  of  die  wafer  chip.  Stop  flexing  when  the  reflection  pattern  can 
be  observed. 

11.  Dismount  and  clean  the  laser  bars. 

1  la.  Submit  metal,  wax,  and  wafer  to  three  separate  rinses  in  trichloroethylene,  TCE, 
keeping  all  laser  bars  in  a  single  container. 

llb.  Rinse  the  laser  bars,  and  metal  separate^  for  cleaning  purposes,  in  methanol. 

llc.  Rinse  the  lasers  bars  in  deionized  water. 

1 2.  Carefully  remove  laser  barp.  from  deionized  water  and  allow  to  dry  on  lens  paper. 

1 3.  Store  laser  bars  in  safe  wafer  container  for  future  use. 
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Appendix  7:  TOS  Package  Mount/Device  Material  Profiles 

This  appendix  describes  how  each  device  was  packaged  and  die  material  composition 
profile  for  the  S99,  600,  and  706  laser  technologies. 


B 


A 


Left 


C 


Right 


Typical  package  (S99  or  600)  with  3  lasers  mounted.  Thin  strqis  are  p-contacts 
and  thick  strips  are  n-contacts.(Not  to  Scale) 


Material  Profile  for  599  and  600  wafers: 


Rll  mlrarons  ^ 
2-1  O^icrons 


Typical  profile  for  a  single  599  or  600  device.  Con^)08i1ion  detailed  below. 

The  599  design  aligns  the  contacts  parallel  to  die  (100)  plane.  The  600  design  incorporates 
a  6°  ofiGKt  from  the  (100)  plane  toward  die  (001)  plane. 
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S99/600  Device  Conq)osiliQn 


Material 

Thickness 

N-type  Substrate 
GaAs 

500A 

AlyGaAs.'Si 

l^m 

AlxGaAs 

2000A 

ACTIVE 

LAYER 

GaAs 

60A 

IiixGaAs 

50A 

GaAs 

60A 

Al^GaAs 

2OOOA 

AIxGaAsdBe 

Ijiin 

GaAs:Be 

500A 

Dopinfi  Level 
l*10l8  (Si) 
l*10l*  (Si) 

X 

40% 

20% 

20% 

i*ioi* 

20% 

40% 

>4*1018 


Electrodes: 
N  ohmic 

Thickness  (A) 

P  ohmic 

Thickness  (A) 

GaAs 

GaAs 

Ni 

70 

Au 

100 

Ge 

130 

Zn 

300 

Ni 

70 

2000 

Au 

300 

Ni 

150 

Au 

2000 

Pad 

Metal 

Ti 

300 

Au 

2000 

140 


B 


(Not  to  Scale) 


15000ft  AIGaN 


5000ft  GaAs  H  Buffer _ 

^  7S)ini  GaAs  N  Substrate 

N  Contact  Metal 


Center  to  center  300  microns 


Typical  profile  for  a  sin^  706  device.  Composition  detaited  below. 
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706  Device  Composition: 


Matoial 

Thickness 

Dopins  Level 
l*10l»  (Si) 

X 

N-type  Substrate 

TSmil 

GaAs 

5000A 

l*10l*  (Si) 

AlxGaA8:Si 

ISOOOA 

5*1017 

60% 

Al^GaAs 

1500A 

20% 

ACTIVE 

LAYER 

GaAs 

lOOA 

IiiyGaAs 

60A 

20% 

GaAs 

lOOA 

AlyGaAs 

1500 A 

20% 

AlxGaAs:Be 

15000 A 

i*ioi* 

60% 

GaAsBe 

lOOOA 

>2*1019 

Electrodes: 


N  ohmic 

Thickness  (A) 

P  ohmic 

Thickness  (A) 

GaAs 

GaAs 

Ni 

70 

Ti 

300 

Gc 

130 

Pt 

300 

Ni 

70 

Au 

3000 

Au 

300 

Ni 

150 

Au 

2000 

Pad 

Metal 

Ti 

300 

Au 

2000 

142 
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asB 


Wavelength  (urn).  Peak  at  945tim 


LasGP  10B  at  180riA 


Wavelength  Peak  at  970pin 


Appendix  9 

Ttite  data  involves  inital  laser  operation  studies  conducted  at  100  C.  (HTMP100.MCD) 

Data  approximations  have  been  incorporated  into  this  data. 

Calculations  conducted  on  Matchcad  V.3.1  computer  software. 

1.  All  FN[>-100  voltages  have  been  linearly  interpolated  to  the  initial  target  powers. 


time  current  temp,  power 
(min)  (mA)  (C)  (mW) 


time  cunent  temp,  power 
(min)  (mA)  (C)  (mVtO 


R34B 


0 

89.6 

94.0 

4.5 

15 

92.0 

96.0 

4.9 

30 

92.2 

96.8 

4.6 

60 

92.2 

96.2 

5.1 

92 

93.0 

94.7 

5.7 

128 

93.0 

95.5 

5.2 

158 

93.1 

94.6 

4.9 

199 

94.3 

95.0 

4.7 

215 

97.1 

95.2 

4.5 

245 

97.1 

94.9 

4.6 

279 

101.7 

95.8 

4.5 

1005 

101.64 

91.5 

0.24 

0370  := 


0  109  95.0  10.1 

40  107  96.0  10.1 
65  116  95.5  10.1 
100  119  95.8  8.1 


038A  := 


0 

86.0 

105 

4.6 

17 

86.5 

105.9 

4.9 

52 

86.7 

100 

6.5 

79 

86.8 

97.8 

6.76 

114 

88.0 

99.5 

6.6 

150 

88.9 

99.8 

6.6 

160 

89.9 

100.2 

6.7 

172 

91.7 

101.5 

6.6 

896 

91.9 

94.7 

4.5 

900 

98.2 

95.0 

6.6 

937 

108 

100.1 

6.6 

983 

112.3 

99.8 

6.8 

1009 

113.6 

100.0 

6.6 

1046 

116.6 

100.0 

6.7 

1053 

119 

100.0 

6.6 

/O  154.5  100.9  3.3  \ 
\25  159  105.7  0.3/ 


Temperature  scaling  factors  obtained  from  thermocouple  calibration. 


r  -1.053 

g;=  1.038 

0  := 

1.000 

ir:=0..  11 

o 

II 

ioa : 

=  0.14 

iob  =0..  1 

R34B^2 

:=r.R34B^^2 

=  gG37C^,j 

0 

89.6 

98.982 

4.5 

15 

92 

101.088 

4.9 

30 

92.2 

101.93 

4.6 

60 

92.2 

101.299 

5.1 

92 

93 

99.719 

5.7 

R34B  = 

128 

93 

100.562 

5.2 

0 

109 

100.51  10.1 

158 

93.1 

99.614 

4.9 

037C  = 

40 

107 

101.568  10.1 

199 

94.3 

100.035 

4.7 

65 

116 

101.039  10.1 

215 

97.1 

100.246 

4.5 

100 

119 

101.356  8.1 

245 

97.1 

99.93 

4.6 

279 

101.7 

100.877 

4.5 

1.005- lo’ 

101.64 

96.349 

0.24 

0  200  400  <00  800  1000  1200 


Time  (min) 

R34B 
037C 
038B 
^  038A 


Temperature  (C)  against  Time  (min): 


Povmr  (mW)  against  Time  (min); 


15 

Power  (mW) 


10 


5 


0 

0  200  400  600  800  1000  1200 

Time  (min) 

R34B 
G37C 
038B 
^  038A 


A  crude  estimate  of  the  lifetime  of  laser  OSSA  can  be  calculated  from  the  slope  of  both  regions 
analyzed  at  a  constant  power  output  and  producing  a  line  with  this  slope  beginning  at  time  zero 
and  passing  through  150%  of  the  initial  current  measured. 

iol:=0..7  io2:=9..  14 


tljoi  :=038Aioi,o  *2^2-9 


Initial  current; 


cIjqi  =038A45i^i  cTfa,?  .  o  ■- 038Ain'y  I  038Ao^i  =86 

ilpl  ;=«lope(tl,cl)  slp2  ;=8lope(t2,c2)  Io  ;=038Ao,i 

•^1  =0.027  «lp2  =0.118 


Weighting  each  slope  by  the  number  of  data  points  as  fraction  of  the  total  number  data  points; 
•Ip  ilpH-— dp2  dp  =0.064  Im  =  129 

I(t)=i^t+lo  tm  =0.680  1(680)  =  129.281 


Interpolated  OSSA  Current  against  Time; 


038A 

'  Interpolated  cmrent 


Time  (min) 


150 


AppendbcIO;  Room  Temperature  Characterization  of  Laser  6^ 


Laser 66B 


IR66B  :  = 


132  52  58  60  62  64  67  69  73  76 

\0.30  0.80  1.9  3.0  4.1  5.3  6.4  7.2  8.1  9.1 


79 

10.3 


lir  :=IR66B 


Calculations  generated  on  Matchcad  V.  3.1  computer  sohware  (24),  [APP10.MCD]. 
Manipulation  to  generate  the  laser's  linear  domain: 


rl:=0..  11  d  :=0  b:=0  k:=0..9  ^  ”*"l,k+2 

i4>  :=ilope(d,b)  Ig  :=inteicept(b,d) 

rim(x)  :=i^(x-  I^) 

er^  •tdev(err)  =0.367  ,j.^»td^^  il  =0.974 

PIR66B(x)  :=rim(x)  IIR66B  :=cefl(l <,)  .. Ixn,  „ 


1 0=51.545 
8^=0.377 


Compute  intercept,  slope,  and  their  uncertainties  using  Philip  R.  Bevington's  technique; 
Plot  current  (X)  vs.  power  (Y)  to  get  lo. 

i:=0..9  Xj  :=l«ri ~l“b.i+2 


N  :=leiiglh(Y) 

1  :=N.2(X,)’- 


A:=‘ 

A 


B  :  =  - 


1  1 


o  := 


rlw’ 


N  =  10 
A  =885.56 

A =51.545  Y-intercept, 

threshold  current  (io) 

B  =2.613  Slope 

0  =  1.081 

0  ^  =  0.84  Uncertainty  in  Intercept 


o  g  =0.1 15  Uncertainty  in  slope 


1=0.992 


Correlation  Coefficient 


Threshold  Current  lo  Is:  A  =  5 1 .545  with  an  uncertainty  +/-  of:  o  ^ = 0.84 


=  1.62C“% 


Invert  XY  plot  to  get  power  (X)  vs.  current  (I) 
i  :=0..9  ^ “^1,1+2 

N  :=lenga<Y) 

A:=n5](X,)’-^X,J’ 

[  i  i  i  i 


N  =  10 
A=6.14‘10^ 

A = -19.324  Y-intercept 

B  =0.377  Slope 

X-Intercept  tor  Y=0  (lo):  -—=51 .275 
B 

0=0.41 

0^  =  115  Uncertainty  in  Intercept 

o  g  =0.017  Uncertainty  in  Slope 


Slope  Efficiency  is:  B  =  0.377  with  an  uncertainty  +/-  of:  o  g  =  0.017  °  B 


—  =4.395*% 
B 


Appendix  11:  Ctorcnt  Required  I>iringApiig  for  LMerS4C 
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ApfMndbcll;  Current  DenraixledCXw  Time  to  litaintalnConttint  Power  Output 


Caicuietions  generated  on  Matchcad  V.  3. 1  computer  software  (24),  [APP1 1.MCD]. 

/71.9  71.2  70.9  71.1  71.7  71.8  72.4  73.0  73.2  73.8  74.0\ 

R54C5  ;= 

\2100  2117  2149  2220  2251  2319  2350  2421  2447  2525  2549/ 

/74.2  74.7  75.0  75.3  75.4  76.2  76.4  76.3  76.4  77.4  77.5  \ 
R54C5s ■= I  1 

\2617  2651  2718  2750  2822  2851  2921  2950  3020  3049  3118/ 


b  :=0..10  R54C5o.b+n  :=R54C5ao.b  R54C5,  :=R54C5a,  „ 

R54C5o.b3 

b5  =0 .21  cR54C5o  m  = - ^ 

O.bS 


tR54C5  =(0  17  49  80  111  139  170  201  227  265  289) 

tR54C5a  =(317  351  378  410  442  471  501  530  560  589  618)  tR54C5o,b^„  ;=tR54C5ao,b 

15=0.21  t:=0  c:=0 

t|j  :  =  tR54C5Q^lj  C|]  =€115405^^15 


•to  ;=dope(t,c) 


dp  =0.00015 


Cg  =intncq>t(t,c) 
iliii5(x)  :=tto-xi-  C  Q 


C  0=0.998 
T5  =0.620 


riiii5(3300)  =  1.501 


err  :=c- rfin5(t)  itdevCetr)  =  0.005  etdevCeir) 

^  iito  11  =  32.324 


Cianat  Data  for  R54C 
’  '  latarpolatMl  Cnmnt  for  R54C 


Time  (min) 


Chart 


GkMsaiy: 

Laser  -  Numerical  identification  label  of  lasing  circuit 

Pwr  -  Constant  optical  power  output  device  held  at  during  elevated  fiiermal  ejq>osure 
(NL  -  not  lasing,  fins  is  for  those  devices  that  could  onfy  hmunesco  or  were  used 
as  contixd  devices.)  (mW) 

time  -  Duration  of  elevated  dtermal  exposure  (min) 

elev. 

IR  Ufa  -  Threshold  current  for  hutial  room  temperature  charactorizafion  (mA) 

%IRfii  -  Absolute  error  of  initial  room  tenq)erature  direshold  current 
IR  ^  -  Slope  efSciency  for  initial  room  tenq)erature  characterization  (W/A) 

%IRsl  -  Absolute  error  of  initial  room  tenqierature  slope  efficiency 

FR  Idi  •  Threshold  current  for  final  room  ten:q)erature  characterization  (mA) 

%FRdi  -  Absolute  eiror  of  final  room  tenq)erature  threshold  current 
FR  s^)  -  Slope  efficiency  for  final  room  temperature  characterization  (W/A) 

%FRsl  -  Absolute  error  of  final  room  temperature  slope  efficiency 
-  Mount,  die  tfiermal  platform  identification 

IE  Idi  -  Threshold  current  for  hutial  elevated  temperature  (100^)  characterization  (mA) 
%IEdi  -Absdute  error  of  initial  elevated  temperature  threshold  current 
IE  s^  -  Slope  efficiency  for  initial  elevated  temperature  charactoization  (W/A) 

%IEai  -  Absolute  error  of  initial  elevated  temperature  slope  efficiency 

FE  Itfi  -  Threshold  current  for  final  elevated  tenqierature  characterization  (mA) 

%FEdi  -  Absolute  error  of  final  elevated  tenqierature  threshold  current 
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dossaiy  (conliiiiied): 

FE  s4>  -  Slope  efficiency  for  final  elevated  temperature  characterization  (W/A) 

%FE8l  -  Absolute  error  of  final  elevated  temperature  slope  efficiency 

E  Ufet  -  Estimated  lifetime  (min)  (C  -  calculated,  F  -  device  actually  failed  after  this 
duration)  (min) 

Cavity  L  -  Cavity  lengdi  of  each  device  (pm) 

Cavity  W  -  Cavity  widdi  of  eadi  device  (pm) 

Time  at  elevated  temperature  is  typically  (but  not  always)  die  dme  ehqwed  between 
elevated  characterizations. 

Occasionally  wavelengdi  calibralions  were  incorrect  but  diese  measuranenls  have  been 
highlighted  and  generally  induced  at  most  a  2%  error  in  power  measuremoils. 
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Appendix  13;  Utetlme  Calcutadon  as  a  Function  of 
This  calculates  the  empirical  relation  for  the  lifetime  of  a  laser  as  a  function  of  output  poMmr. 

Calculations  generated  on  Matchcad  V.  3.1  computer  software  (24),  [LFTM.MCD]. 

41B  43A  54C  55A  56B  S7B  63B  70A  30B 
LF5  .=  (1170  3000  3300  2840  1350  1300  1140  669  3580) 

SDV5:=(14.3  16.1  32.3  39.0  14.2  25.8  10.4  4.5  12.9) 

i:=0..8  lf5,:=LF5o,j  5]lF5o., 

^ -  LF5gv  =  2.039*  10* 

err -LFSgy-lfi  ftdevCerr)  =  1.054*10*  SDV5  =  •tdev(«r) 


eir  ;=LF7gy-  LF7 
UL  ;=LF7gy+2  SDV7 


SDV7  :=ftdev(en) 


ttdev(eiT)  =  598.898 


LL  -  LF7  gy  2  SDV7  lifetimes  for  Lasers  Operating  at  7mW 


Time  (min)  sooo 


/ln(5)\ 

“^iiooo 

x 

UL 

IX  »wo 

X  < 

.  “  X 

^  "\ln(LF7,y)J 

*  'U7)) 

X 

_i  1 _ 

1^  ;=dope(x,y) 

0 

0  2  4  6 

i  Laser 

dp— 1.39 

a  =9.858 

li 

< 

A  =  1.911*10^ 

l(P)  =AP^ 


LF5gy  =  2.039*  10 
t(  5)  =2.039*10* 


LF7gy  =  1.277*10' 
t(7)=  1.277*  10* 


Appendix  14:  Variabk  Lirt 


Variables  arc  listed  in  order  of  appearmce. 


I  current  (mA) 

built-in  potential  (V) 

Ifj  initial  currmt  (mA) 

external  bias  (V) 

T  temperature  (®C  or  °K) 

EL 

spontaneous  emission  intensity 

J  current  density  (A/cm^) 

(mW/cm2) 

P  power  (mW) 

ELg 

initial  spontaneous  emissitm 

Eg  activation  energy  (cV) 

intensity  (mW/cm2) 

k  =  1.38062  •  10-23  j/OK 

Jth 

threshold  currait  doishy 

B(rftzmann  constant 

•^tho 

initial  fiueshe^  current  density 

Af^pu4j,n 

'(\d 

external  differential  quantum 

curve  fitting  constants 

efficiency 

life  operatkmal  lifetime  (min.) 

^do 

initial  external  differential 

goiaation  time  of  first  DSD 

quantum  efficimey 

(min.) 

c 

line  fitting  constant 

A  curve  fitting  constant  (Qtn^/A2) 

current  density  in  a  lasing  region 

X,  lasing  wavelei^;ths  (nm) 

of  the  device 

h  =  6.6262  •  10-34 

L 

cavity  length  (pm) 

Planck's  constant 

la 

length  of  dark  portion  of  cavity 

p  (dioton  momentum  (kg-m/s) 

(pm) 

c  =  2.998  •  10*  m/sec  speed  of  light 

«2deg 

absorption  coefficient  for  darit 

final  donor  concoitration 

r^ion  (1/pm) 

Hi,  Nf  initial  donor  concentration 


®2deg 

abcKHption  coefficient  before 

thre^old  current  ctensity  across  a 

d^radation.  (l/pin)Ar^; 

1pm  thick  active  layer 

number  of  dailc  lines 

r 

containment  factor 

dark  line  width  (pm) 

slope  efficiency  (W/A) 

Jt 

total  current  density 

internal  differential  quantum 

ab60t|>don  coefficient  in  a  daik 

efficiency 

region  (1/pm) 

V 

lasing  fivquency  (Hz) 

a,ag 

absorption  coefficient  in  a  lasing 

q=  : 

1.602  *  10'^^  C  electronic  charge 

region  (1/pm) 

E 

electric  field  (N/C) 

R,  Rq 

reflection  coefficients 

z 

propagation  distance  (m) 

Pj 

gain  coefficient 

r 

radial  distance  from  propagation 

cavity  loss  (1/pm) 

axis  (m) 

d 

active  layer  dnckness  (pm) 

w 

spot  size  (m2) 

m 

exponent  of  current  dependency 

Wo 

waist,  minimum  spot  size  (m^) 

on  gain 

e 

half  widfli  diveigence  angte  (rad) 

cavity  toss  before  degradation 

ct 

cavity  flnckness  (pm) 

(1/pm) 

sip 

calculated  slope  efficiency  (W/A) 

msTor  loss  (1/pm) 

C 

current  normalization  factor 

f<o, 

rate  of  change  of  normalized 

at 

opoation  time  (min) 

thrediold  current  (1/hr) 

5t 

standard  deviation  of  at  (min) 

f*: 

reflection  coefficients 

% 

specific  contact  resistance  (Q) 

itk 

thrcfhold  gain  coefficient 

A* 

effective  Richardson  constant 

n  n. 

refractive  index 

(J/C  ok2) 

maxanum  gam  coefficient 

hn 

barrier  height  (e  V) 

■ 

-am  hdmg  constant 

n»n 

carrier  effective  mass  (kg) 

8s 

semiconducUn-  permittivity  (F/cm) 
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Njt)  doping  density  (1/cm^) 
h  1.054  *  10-34  J  sec 


reduced  Planck  constant 
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